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With the continuous increase of span lengths, the aerodynamic characteristics of long-span 
bridges under external wind excitation have become much more complex and wind-induced 
vibration has always been a problem of great concern. The present research targets on the 
aerodynamic performance of long-span bridges under wind load with an emphasis on bridge flutter 
and buffeting. 
For the aerodynamic flutter analysis of long-span bridges, the present research investigated the 
effects of the wind turbulence on flutter stability. The characterizations of the self-excited forces 
are presented in both the frequency-domain and in the time-domain, and the flutter analysis is 
conducted under both uniform and turbulent flows. The effect of wind turbulence is directly 
modeled in time-domain to avoid the complicated random parametric excitation analysis of the 
equation of motion used in previous studies. It is found that turbulence has a stabilizing effect on 
bridge aerodynamic flutter. A probabilistic flutter analysis of long-span bridges involving random 
and uncertain variables is also conducted, which can provide more accurate and adequate 
information than the critical flutter velocity for wind resistance design of long-span bridges. 
For the buffeting analysis of long-span bridges, the stress-level buffeting analysis of the bridge 
under spatial distributed forces is conducted to investigate the effects of wind turbulence on the 
fatigue damage of long-span bridges. It is found that the increase of the turbulence intensity has a 
strengthening effect on the buffeting-induced fatigue damage of long-span bridges. For buffeting 
control, a lever-type TMD system is proposed for suppressing excessive buffeting responses of 
long-span bridges. The lever-type TMD with an adjustable frequency can overcome the drawback 
of excessive static stretch of the spring of traditional hanging-type TMD and be adaptive to the 
change of the environment and the structure itself. To effectively apply the lever-type TMD to 
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future feedback control design, the control performance of the lever-type TMD for excessive 
buffeting responses of long-span bridges has been studied. The effects of wind velocity and attack 
angle and the stiffness reduction of bridge girder on the control efficiency have also been 
investigated to determine the adjustment strategy of the lever-type TMD. It is found that the control 
efficiency of the lever-type TMD varies greatly with the change of the location of the mass block. 
The lever-type TMD should be adjusted accordingly based on comprehensive consideration of the 
















CHAPTER 1. INTROCUCTION 
This dissertation is made up of seven chapters based on papers that either have been accepted, 
or under review, or are to be submitted to peer-reviewed journals. Chapter 1 introduces the related 
background and the outline of the dissertation. Chapter 2 discusses the effects of wind turbulence 
on the aerodynamic flutter of long-span bridges under wind load. Chapter 3 discusses the flutter 
reliability of long-span bridges under wind excitation. Chapter 4 discusses the effects of wind 
turbulence intensity on buffeting-induced fatigue damage of long-span bridges. Chapter 5 reviews 
the state-of-the-art of wind-induced vibration control of long-span bridges. Chapter 6 discusses the 
control performance of the lever-type TMD system on buffeting control of long-span bridges. 
Chapter 7 summarizes the dissertation and discusses future work. 
This introductory chapters provides a general background of the present research. More 
detailed information is given in each individual chapter. 
1.1. Research Background and Motivation 
Wind hazard is one of the most frequently occurring natural hazards and can result in huge 
losses of life and property. According to the statistics of the world insurance losses from major 
natural disasters from 1970 to 2012, wind storms account for about 70% of the total insured losses 
(Holmes 2001). Major wind storms can be broadly classified into four types: hurricanes, 
thunderstorms, tornadoes, and downbursts. Wind loading competes with seismic loading as the 
dominant environmental loading for structures (Holmes 2001). Buildings and infrastructures may 
be damaged or even destroyed under these severe winds. The past few centuries have witnessed a 
number of major structural failures due to wind actions, which has stimulated abundant scientific 
research on wind loads. Among these failures, it is found that long-span bridges accounted for a 
considerably large proportion. The most notable failures are the Brighton Chain Pier in England 
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in 1836, the Tay Bridge in Scotland in 1879, and the Tacoma Narrows Bridge in Washington State 
in the United States in 1940 (Holmes 2001). Long-span bridges are probably one of the most 
“wind-sensitive” structures.  
With the rapid development of modern new materials and construction techniques, more and 
more long-span suspension and cable-stayed bridges have been built in the past several decades. 
The world’s longest bridge, the Akashi Kaikyo suspension bridge, has a central span of 1,991 m. 
In addition, more and more long-span projects, even super-long span bridges, are being planned 
or proposed all over the world. An ultra-long span length of 5,000 m is proposed for the Gibraltar 
Strait Bridge, which is more than twice the length of the current longest bridge span. With the 
continuous increase of span lengths, bridges are becoming much more susceptible and vulnerable 
to wind effects. What’s more, the girders of these long-span bridges are usually made of steel, 
which makes them much lighter and slender than those made of concrete, and are more likely to 
vibrate under dynamic loading such as wind loads. Wind-induced vibrations can cause bridge 
serviceability issues, fatigue damage, and even failure. For long-span bridges, wind effects 
including aerostatic divergence, stochastic buffeting, flutter instability, and vortex-shedding 
vibration are much more complicated due to their flexibility and low damping. It is well 
acknowledged that wind-induced vibration has become one of the most critical issues among 
various dynamic excitations for long-span bridges. 
In light of the above information, the present research focuses on the aerodynamic analysis of 
long-span bridges under wind load with an emphasis on bridge flutter and buffeting. Also, the 




1.2. Bridge Aerodynamics  
The well-known failure of the Tacoma Narrows suspension bridge in 1940 shocked bridge 
engineers and drew their attention to the dynamic actions of wind load. Under wind excitation, 
long-span bridges may exhibit much more complicated aerodynamic behaviors. There are several 
categories of wind-induced vibration including vortex-induced vibration, galloping, buffeting and 
flutter, which are shown in Fig. 1.1. 
 
Fig. 1.1. Wind-induced vibrations (Fujino 2002) 
Vortex-induced vibration: Vortex-induced vibration occurs when the frequency of vortex-
shedding coincides with the natural frequency of the structure. This oscillation tends to occur at 
low wind speeds and the amplitude is limited. Some existing bridge girders, such as the box girder 
of the Great Belt Bridge (Larsen 2000), have experienced large wind-induced oscillation and were 
stiffened by implementing different types of vibration control countermeasures. Several recorded 
cases of vortex-induced vibrations of bridges are listed in Table 1.1.   
Galloping: Galloping usually occurs in long and flexible structures, such as bridge cables and 
tall pylons. It is a kind of divergent vibration, the amplitude of which can exceed the dimension of 
the structure member itself. Galloping can be reduced by shortening the supporting distance and 
increasing the line tension. A number of occurrences of galloping on pylons and stay cables have 
been reported. The Y-shape pylon of the Lodemann cable-stayed bridge collapsed due to galloping 
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caused by wind excitation in 1972 (Mahrenholtz and Bardowicks 1979). Another example is the 
galloping of the hanger of the Great Belt East Bridge, which was observed with large amplitude 
vibrations in both across-wind and along-wind directions for wind speeds between 16-17 m/s 
(Gjelstrup et al. 2007).  
Buffeting: Buffeting is caused by random wind turbulences, which rarely causes severe 
damage, but can cause fatigue damage and unacceptable structural motions. It can occur over a 
wide range of wind velocities, and the amplitude usually increases monotonically with the increase 
of wind velocity. Random vibration methods were first applied to the buffeting response analysis 
for long-span bridges by Davenport (1962). Later on in the 1970s, these methods were validated 
by model tests in turbulent boundary layer flow (Irwin 1977, Holmes 1975, 1979, 2001). Extensive 
studies have been conducted on the buffeting response of bridges (Davenport 1962, Scanlan and 
Gade 1977, Larose and Mann 1998, Xu et al. 2000, Chen et al. 2009) 
Flutter: Flutter is the most dangerous type of wind-induced vibration. It is a kind of 
aerodynamic instability caused by self-excited forces which may result in the collapse of the entire 
structure. The well-known failure of the Tacoma Narrows suspension bridge in 1940 was caused 
by wind-induced flutter, as shown in Fig. 1.2. At a certain high wind speed, due to the interaction 
between the wind and the structure, flutter occurs when the motion of the bridge deck tends to 
grow divergently. This specific wind velocity is called the critical flutter velocity. There are several 
methods that can be used to determine the critical wind velocity: the empirical formula, the wind 
tunnel test of section model, and the numerical analysis of the equation of motion with 
experimentally obtained flutter derivatives. Flutter analysis is used to evaluate the critical flutter 
wind speed as well as the corresponding flutter frequency, which can be divided into two methods 
of the frequency and time domains. Several methods have been proposed for the flutter analysis of 
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bridges, such as the full-order flutter analysis method (Miyata and Yamada 1990, Dung et al. 1998, 
Ge and Tanaka 2000, Ding et al. 2002), the multimode flutter analysis technique (Agar 1989, 
Namini et al. 1992, Tanaka et al. 1992, Jain et al. 1996, Katsuchi et al. 1999, Zhang and Sun 2004, 
Chen 2007, Hua et al. 2007), etc. 








Long’s Creek Bridge 0.6 12 100-170 
Wye Bridge 0.46 7.5 35 
Waal River 0.44 9-12 50 
Great Belt East 0.13-0.21 4.5-9 320 
 
 
Fig. 1.2. Collapse of the Tacoma Narrows Bridge 
There are generally two approaches for the analysis of flutter and buffeting of long-span 
bridges: the time-domain approach and the frequency-domain approach. However, as span lengths 
increase, their nonlinear effects become more significant and cannot be neglected. In order to 
consider the structural and aerodynamic nonlinearities, the time-domain approach is considered 
more convenient and appropriate. In the past several decades, the time-domain approach has been 
widely used for the analysis of the flutter and buffeting analysis for long-span bridges. Nowadays, 
with the improvement of the understanding of the aerodynamics of long-span bridges, 
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achievements have been made on the wind-induced vibration control and devastating destruction 
of bridges, such as the failure of the old Tacoma Narrows Bridge, has rarely occurred recently. 
However, there are still many issues to be deal with in the wind resistance design of long-span 
bridges. The effects of the wind turbulence on bridge aerodynamics are still not clear. The fatigue 
damage caused by bridge buffeting is still a big problem for long-span bridges due to the cyclic 
stresses of reciprocating vibrations, which will definitely reduce the service life of the bridge. 
1.3. Outline of the Dissertation 
The present research investigates the aerodynamic flutter and buffeting of long-span bridges 
under wind excitation. In addition to the introductory chapter (Chapter 1) and the conclusion 
chapter (Chapter 7), each chapter is an individual paper on a sub-subject. The main contents of 
each chapter are as follows: 
Chapter 1 is an introduction of the research topic, which includes the research background and 
motivation, the literature review of bridge aerodynamics and wind-induced vibration control for 
long-span bridges, and the research scope and structure of the dissertation. 
Chapter 2 investigates the effects of wind turbulence on the aerodynamic flutter of long-span 
bridges. Though turbulence effects on bridge flutter have been studied in the last few decades, its 
true effects remain a debate due to the limitation of previous wind tunnel facilities, such as using 
turbulence scales that are too small in these experiments. In this chapter, the flutter analysis is 
conducted under both uniform flow and turbulent flow in order to investigate the effects of wind 
turbulence on flutter stability. The effects of wind turbulence are directly modeled in the time-
domain in order to avoid the complicated random parametric excitation analysis of the equation of 
motion used in previous studies. 
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Chapter 3 conducts a probabilistic flutter reliability analysis of long-span bridges involving 
random and uncertain variables. In this chapter, flutter reliability analysis is applied to a real bridge 
project with an emphasis on several acknowledged important variables including the extreme wind 
velocity at the bridge site, damping ratio, mathematical modeling, and flutter derivatives. 
Parametric studies of the uncertain variables are conducted to investigate their effects on the flutter 
reliability. 
Chapter 4 studies the effects of wind turbulence intensity on the fatigue damage of long-span 
bridges. In this chapter, a detailed finite element model of a prototype long-span suspension bridge 
is established, and the stress-level buffeting response analysis of the bridge under spatial 
distributed forces is conducted.  
Chapter 5 reviews recent research and developments on wind-induced vibration control of 
long-span bridges. Various types of vibrations due to wind excitation are discussed, and 
applications of structural, aerodynamic, and mechanical control countermeasures on long-span 
bridges are presented comprehensively. 
Chapter 6 studies the performance of the lever-type TMD system for wind buffeting control of 
long-span bridges. The effects of the wind speed, the wind attack angle, and the stiffness reduction 
of the bridge girder on the control efficiency have also been investigated to determine the 
adjustment strategy of the lever-type TMD. 
Chapter 7 summarizes the whole dissertation and the main conclusions. Plans for future study 
are discussed as well. 
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CHAPTER 2. TIME-DOMAIN SIMULATIONS OF TURBULENCE 
EFFECTS ON THE AERODYNAMIC FLUTTER                                                                 
OF LONG-SPAN BRIDGES 
2.1. Introduction  
The aerodynamic stability of long-span bridges under strong wind excitations has been a major 
concern in recent years, especially with the continuously increasing span length built around the 
world, especially in China. The well-known failure of the old Tacoma Narrows Bridge has 
heightened people’s attention to wind-resistant design for long-span bridges and led to many 
research studies and investigations on bridge flutter performance. At first, flutter analysis was 
based on the thin airfoil theory given by Theodorsen and Mutchler (1935). Afterwards, Scanlan 
and his co-authors (Scanlan and Tomo 1971, Scanlan and Jones 1990) developed the formulations 
of the lift, drag, and pitching moment motion-dependent forces, otherwise known as the self-
excited forces, which are presently widely used. These equations involve the flutter derivatives 
obtained from experimental measurements on sectional bridge deck models. There are general two 
approaches for flutter analysis: the frequency-domain approach and the time-domain approach. In 
the frequency-domain method, the critical flutter velocity, the flutter mode shape, and the 
corresponding frequency can be obtained by conducting a complex eigenvalue analysis (Agar 1989, 
Miyata and Yamada 1990, Jain et al. 1996, Dung et al. 1998, Ge and Tanaka 2000;). In the time-
domain method, the self-excited forces are represented in the form of the indicial functions 
(Scanlan et al. 1974, Zhang et al. 2010) or rational functions (Chen et al. 2000, Chowdhury and 
Sarkar 2005), which can be identified through experimental tests or numerical approaches from 
available flutter derivatives.  
While a few studies have investigated the effect of wind turbulence on bridge aerodynamic 
stability (Lin and Ariaratnam 1980, Bucher and Lin 1988a, 1988b, 1989, Lin and Li 1993), for 
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most of the previous work, the wind turbulence has been neglected in the flutter analysis. However, 
based on the experiments carried out in wind tunnels on full-scale long-span suspended bridge 
models, it is shown that the level of wind turbulence generated in wind tunnels influences the 
aerodynamic stability of the structure (Diana et al. 1993). Scanlan and Jones (Scanlan and Jones 
1991, Scanlan 1997) found that the flutter stability performance can be enhanced in a turbulent 
wind field because the turbulence may weaken the inherent correlation of the self-excited forces 
along the bridge deck. At the same time, to theoretically investigate the wind turbulence effect on 
bridge flutter stability, complicated random parametric excitation analyses were conducted since 
the equation of motion becomes a randomly parametrically excited type of equation. The results 
showed that wind turbulence with high intensity might also have adverse effects that reduce bridge 
flutter stability (Bucher and Lin 1988a, 1988b, Cai et al. 1999). These results also raise the question: 
Can the influence of wind turbulence on flutter stability be fully reflected in the measured flutter 
derivatives? Huston (1986) has conducted a series of studies on the effects of large-scale 
turbulence on the flutter derivatives and found that the turbulence does not always stabilize bridge 
flutter. According to Li and Lin (1995), the presence of wind turbulence changes the combined 
structure-fluid critical mode and results in a new energy balance. They suggested it is the random 
deviation from the deterministic flutter mode that renders either the stabilizing or destabilizing 
effect of turbulence possible. 
From these studies of turbulence effects on bridge flutter performance mentioned above, it can 
be found that the majority of studies rely on wind tunnel tests due to the inherent complexity of 
wind-bridge interactions, which makes their mathematical formulations extremely difficult. 
However, the accuracy of the results of wind tunnel tests largely depends on the matching degree 
of the turbulent atmospheric flows, which is influenced by many factors, such as the Reynolds 
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numbers, the integral scales, the turbulence intensities, and the anisotropy, etc. Typically, only a 
fraction of the turbulence characteristics can be matched in a wind tunnel experiment (Haan 2000). 
Numerical analysis of bridge flutter performance in turbulent flow is relatively rare, and it has 
always been considered as a supplement of experimental study. These numerical simulation 
approaches, such as the random parametric excitation (RPE) analysis (Lin 1979, Cai et al. 1999), 
are usually too complex mathematically and/or too computationally consuming. In the present 
paper, a simplified numerical approach is proposed in which the influence of wind turbulence on 
bridge flutter stability is investigated numerically in the time-domain, which not only avoids the 
complicated stochastic solution process, but also can technically include any nonlinear effects 
(geometric and/or material nonlinear) in the analysis when deemed necessary. Taking the Karman 
spectrum as the target spectrum, turbulent wind fields with different turbulence intensities are 
simulated and utilized here. For comparison, three approaches: (i) the frequency-domain approach 
based on flutter derivatives, (ii) the time-domain approach based on rational functions under 
uniform flow, and (iii) the time-domain approach under turbulent flow, haven been applied to 
predict the critical flutter velocity. These results are compared and discussed based on the analysis 
of a prototype long-span bridge. 
2.2. Description of Bridge and Dynamic Characteristics 
The Taihong Bridge analyzed in the present study is a single span suspension bridge that has 
a span length of 808 m, a streamlined steel box girder with a width of 37.5 m and a height of 3 m. 
The two main cable planes are 33.6 m apart, and the bridge deck is suspended by hangers at 
intervals of 12 m. The two bridge towers are reinforced concrete structures with a height of 112.7 








Fig. 2.1. Sketch of the Taihong Bridge: (a) elevation view (unit: cm); (b) cross section (unit: 
mm) 
 
The commercial finite element software ANSYS is used here to establish the 3D FE model of 
the Taihong Bridge. In the finite element model, the main girder and the towers are simulated by 
Beam4 elements, and the main cables and suspension cables are simulated by Link10 elements. 
Fig. 2.2 shows the finite element model of the Taihong Bridge. 
 
Fig. 2.2. FE model of the Taihong Bridge 
The dynamic properties of the Taihong Bridge, including its natural vibration frequencies and 
mode shapes are analyzed based on the dead load deformed configuration. The results are shown 
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in Table 2.1. The vertical bending and torsional vibrations are usually the critical modes of flutter 
for suspension bridges. It can be found that the frequencies of the first order symmetric vertical 
bending and torsion are 0.183 Hz (Mode 4) and 0.451 Hz (Mode 16), respectively, with a frequency 
ratio of 2.46; the frequencies of the first order antisymmetric vertical bending and torsion are 0.137 
Hz (Mode 3) and 0.491 Hz (Mode 19) respectively, with a frequency ratio of 3.58. The typical 
mode shapes are shown in Fig. 2.3. 
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(a) 1st symmetric vertical bending                                (b) 1st symmetric torsion 
 
     (c) 1st antisymmetric vertical bending                           (d) 1st antisymmetric torsion 
Fig. 2.3. Typical mode shapes 
2.3. Identification of Flutter Derivatives 
The flutter derivatives represent the characteristics of the self-excited aerodynamic forces of 
the bridge section and are the most important parameters in the flutter stability analysis of long-
span bridges. Many studies have focused on the identification of the flutter derivatives (Yamada 
and Ichikawa 1992, Sarker et al. 1994, Gu et al. 2000, Chen et al. 2002). The forced vibration 
method is used to identify the flutter derivatives of the bridge under uniform flow (Han and Li 
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2015). The results of the flutter derivatives under different wind attack angles are shown in Fig. 
2.4. 
          
         
           




            
2.4. Flutter Stability Analysis 
The equation for motion of a bridge under smooth flow can be expressed as: 
𝐌?̈? + 𝐂?̇? + 𝐊𝐪 = 𝐅𝐬𝐞                                                     (2.1) 
where 𝐌, 𝐂, and  𝐊 are the global mass, damping, and stiffness matrices, respectively; 𝐪, ?̇?, and ?̈? 
represent the nodal displacement, velocity, and acceleration vectors, respectively; and 𝐅𝐬𝐞 denotes 
the vector of the nodal aero-elastic forces.  
Self-excited lift force, 𝐿𝑠𝑒 , drag force, 𝐷𝑠𝑒 , and pitching moment, 𝑀𝑠𝑒 , per unit length are 








































]             (2.2b) 



















]          (2.2c) 
in which ρ is the air density; U is the mean wind velocity; B is the bridge deck width; K is the 
reduced circular frequency; 𝐻𝑖
∗ , 𝑃𝑖
∗ , and 𝐴𝑖
∗  (𝑖 =1 to 6) are the aerodynamic flutter derivatives 
related to the vertical, lateral, and torsional directions, respectively; ℎ, 𝑝, and 𝛼 are the vertical, 
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lateral, and torsional displacements of the bridge deck, respectively; and the dot on the cap denotes 
the derivative with respect to time. 
2.4.1. Approach Ⅰ - Frequency-Domain Approach 
The 3D finite element flutter analysis is performed to determine the critical flutter wind speed 
and flutter modes of the Taihong Bridge under different attack angles of wind flows. In the analysis, 
a pair of user-defined Matrix27 elements are used to simulate the aerodynamic forces acting on 
each element of the main girder. One Matrix27 element is used to simulate the aerodynamic 
stiffness, and the other one is used to simulate the aerodynamic damping. By solving the equation 
of motion after assembling the aerodynamic stiffness and damping matrices, the flutter stability 
and critical wind velocity of the system can be determined from the values of the real part of the 
complex eigenvalues. The system is dynamically stable if the real part of all eigenvalues is negative 
and dynamically unstable if the real part of one or more eigenvalues is positive. At a certain wind 
velocity, the real part becomes zero, which means the system is on the critical state and the 
corresponding wind velocity is defined as the critical flutter wind velocity. 
In this study, damped complex eigenvalue analysis is carried out under wind velocities ranging 
from 0 to 150 m/s of different wind attack angles by assuming that the structural damping ratio is 
0.5%. The complex eigenvalues of multiple modes under a wind attack angle of -3° are shown in 
Fig. 2.5 as an example. It is found that the critical flutter mode is mode 16, i.e., the first symmetric 
torsion mode. The deformation shape of mode 16 under the critical flutter velocity is shown in Fig. 
2.6, which can be found to be the coupling of the symmetric vertical bending and the symmetric 
torsion. The critical flutter wind velocity and corresponding frequencies under different wind 












(a) Front view 
 
(b) Side view 
Fig. 2.6. Deformation shapes of mode 16 
Table 2.2. Results of multi-modes flutter analysis 
Wind attack angle 




-3° 95 0.447 
0° 85 0.450 




2.4.2. Approach Ⅱ - Time-domain Approach Under Uniform Flow 
The self-excited forces per unit span can also be expressed in terms of impulse response 




𝜌𝑈2 ∫ (𝐼𝐿𝑠𝑒ℎ(𝑡 − 𝜏)ℎ(𝜏) + 𝐼𝐿𝑠𝑒𝑝(𝑡 − 𝜏)𝑝(𝜏) + 𝐼𝐿𝑠𝑒𝛼(𝑡 − 𝜏)𝛼(𝜏))𝑑𝜏
𝑡
−∞




𝜌𝑈2 ∫ (𝐼𝐷𝑠𝑒ℎ(𝑡 − 𝜏)ℎ(𝜏) + 𝐼𝐷𝑠𝑒𝑝(𝑡 − 𝜏)𝑝(𝜏) + 𝐼𝐷𝑠𝑒𝛼(𝑡 − 𝜏)𝛼(𝜏))𝑑𝜏
𝑡
−∞




𝜌𝑈2 ∫ (𝐼𝑀𝑠𝑒ℎ(𝑡 − 𝜏)ℎ(𝜏) + 𝐼𝑀𝑠𝑒𝑝(𝑡 − 𝜏)𝑝(𝜏) + 𝐼𝑀𝑠𝑒𝛼(𝑡 − 𝜏)𝛼(𝜏))𝑑𝜏
𝑡
−∞
     (2.3c) 
where I denotes the impulse function of the self-excited forces, and the subscripts represent the 
corresponding force component. For example,  𝐼𝐿𝑠𝑒ℎ, 𝐼𝐷𝑠𝑒ℎ, and 𝐼𝑀𝑠𝑒ℎ  are impulse functions of the 
lift force, drag force, and pitching moment corresponding to the vertical movement h, respectively. 
According to the equivalency of the spectral characteristics between the aerodynamic self-
excited forces expressed by the impulse response function and the self-excited forces defined with 
the flutter derivatives by Scanlan (1978) as shown in Eq. (2.3), the relationship between the 
impulse response function and the flutter derivatives can be obtained as follows: 
            𝐼𝐿𝑠𝑒ℎ = 𝑘
2(𝐻4
∗ + 𝑖𝐻1
∗);         𝐼𝐿𝑠𝑒𝑝 = 𝑘
2(𝐻6
∗ + 𝑖𝐻5




            𝐼𝐷𝑠𝑒ℎ = 𝑘
2(𝑃6
∗ + 𝑖𝑃5
∗);          𝐼𝐷𝑠𝑒𝑃 = 𝑘
2(𝑃4
∗ + 𝑖𝑃1
∗);          𝐼𝐷𝑠𝑒𝛼 = 𝑘
2𝐵(𝑃3
∗ + 𝑖𝑃2
∗);     (2.4)          
            𝐼𝑀𝑠𝑒ℎ = 𝑘
2𝐵(𝐴4
∗ + 𝑖𝐴1
∗);      𝐼𝑀𝑠𝑒𝑃 = 𝑘
2𝐵(𝐴6
∗ + 𝑖𝐴5




where the 𝐼  is the Fourier transform of I, and the subscripts denote the corresponding force 
components. 
The Roger’s approximation, a kind of rational function approximation approach, is often 
utilized to express 𝐼𝑓𝑥(𝑓 = 𝐿, 𝐷,𝑀; 𝑥 = ℎ, 𝑝, 𝛼) (Chen et al. 2000). Taking the impulse function 
of the lift force induced by the vertical motion as an example, 𝐼𝐿𝑠𝑒ℎ can be expressed as: 
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                 𝐼𝐿𝑠𝑒ℎ(𝑖𝜔) = 𝐴1 + 𝐴2 (
𝑖𝜔𝐵
𝑈











𝑙=1                                       (2.5) 
where 𝑑𝑙 and 𝐴𝑛 (l=1 to m; n=1 to m+3) are frequency independent coefficients, which can be 
determined through parameter fitting of the flutter derivatives obtained by the wind tunnel test. 
The value of m is user-defined, which determines the approximation accuracy. Among the rational 
function, the third term of (i.e., the A3 term) represents the additional aerodynamic mass and is 
normally negligible.  
It should be noted that for each force component, the coefficients of 𝑑𝑙 and 𝐴𝑛 (l=1 to m; n=1 
to m+3) are different, and m = 2 is used in the present study. The nonlinear least-squares method 
is used here to determine these coefficients in Eq. (2.5). Then, to validate the procedure, the flutter 
derivatives are back calculated based on Eq. (2.4) and called simulation values here. Fig. 2.7 shows 
the comparison of experimental values and simulation values of the flutter derivatives of the 








          
          
           




          
By taking the Fourier transform of (2.5) after obtaining the corresponding parameters, the 
impulse response function can be expressed as: 
  𝐼𝐿𝑠𝑒ℎ(𝑡) = 𝐴1𝛿(𝑡) + 𝐴2
𝐵
𝑈
?̇?(𝑡) + 𝛿(𝑡)∑ 𝐴𝑙+3
𝑚






𝑡)𝑚𝑙=1              (2.6) 
By substituting Eq. (2.6) into Eq. (2.3a), the aerodynamic lift force induced by the vertical 
motion can be obtained as follows: 
   𝐿𝑠𝑒ℎ(𝑡) =
1
2
𝜌𝑈2 [𝐴1ℎ(𝑡) + 𝐴2
𝐵
𝑈






ℎ̇(𝜏)𝑑𝜏𝑚𝑙=1 ]                        (2.7)     
Similarly, the expressions for the other self-excited force components can be obtained. After 
obtaining the expressions of all the aerodynamic self-excited forces, flutter analysis in the time 
domain can be performed using ANSYS. The equation of motion of the structure at time 𝑡𝑖 can be 
expressed as: 
                             𝑀?̈?(𝑡𝑖) + 𝐶?̇?(𝑡𝑖) + 𝑅(𝑡𝑖) = 𝐹(𝑡𝑖)                                                   (2.8) 
where 𝐹(𝑡𝑖) represents the equivalent nodal forces induced by external forces at time 𝑡𝑖, and 𝑅(𝑡𝑖) 
denotes the equivalent nodal resistance of the structure. 
At time 𝑡𝑖 + ∆𝑡, the equation of motion becomes as follows: 
             𝑀?̈?(𝑡𝑖 + ∆𝑡) + 𝐶?̇?(𝑡𝑖 + ∆𝑡) + 𝑅(𝑡𝑖 + ∆𝑡) = 𝐹(𝑡𝑖 + ∆𝑡)                                (2.9) 
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The Newmark-𝛽 method is used to solve this equation of motion considering the geometry 
nonlinearity of the structure and the nonlinearity of aerodynamic loads. The nodal acceleration and 
velocity can be expressed as follows: 
   ?̈?(𝑡𝑖 + ∆𝑡) =
1
𝛼∆𝑡2






− 1)?̈?(𝑡𝑖)                    (2.10) 
?̇?(𝑡𝑖 + ∆𝑡) =
𝛽
𝛼∆𝑡
[𝑋(𝑡𝑖 + ∆𝑡) − 𝑋(𝑡𝑖)] − (
𝛽
𝛼






− 2)?̈?(𝑡𝑖)                 (2.11) 
According to Eq. (2.10) and Eq. (2.11), the acceleration and velocity of the structure at a given 
time can be obtained through iterations. By increasing the wind speed gradually and conducting 
transient dynamic analysis of the structure, the flutter critical wind velocity can be determined. 
Fig. 2.8, 2.9, and 2.10 show the time histories of the displacements of the mid-span under a 
wind attack angle of 0° at pre-critical, critical, and post-critical stages, respectively. The vertical 
displacement is defined at the center of the bridge deck. It can be found that when the wind velocity 
is 77 m/s, 79 m/s, and 80 m/s, the displacement amplitudes are convergent, becoming constant, 
and changing to divergent, respectively. Therefore, 79 m/s is identified as the onset wind velocity 
of bridge flutter. Fig. 2.11 shows the spectrum of displacements at the critical wind velocity, and 
it is found that the dominant frequency is around 0.448 Hz for the torsional vibration (Fig. 2.11a) 
and 0.10 Hz and 0.446 Hz for the vertical vibration (Fig. 2.11b). The critical flutter velocities under 
different wind attack angles and corresponding frequencies are summarized in Table 2.3. It can be 
found that the results of the time-domain analysis are consistently slightly lower than that from the 

























(a) Torsional displacement 
 
(b) Vertical displacement 
Fig. 2.11. Spectrum curves of displacements 
Table 2.3. Results of time-domain approach under uniform flow 
Wind attack angle Critical wind velocity (m/s) Dominating Frequency (Hz)  
-3° 94 0.443  
0° 79 0.448  




2.4.3. Approach Ⅲ - Time-Domain Approach Under Turbulent Flow 
Since flutter derivatives are a direct description of the self-excited forces, a number of studies 
have been conducted to investigate the influence of turbulence on flutter derivatives. Diana et al. 
(1992) found that turbulence had little effect on flutter derivatives by measuring the flutter 
derivatives in a turbulent wind field from the full-scale test. Sarkar et al. (1994) also concluded 
that turbulence did not significantly affect the flutter derivatives under smooth flow. Therefore, it 
seems like turbulence does not significantly influence the self-excited forces through the flutter 
derivatives directly. Due to the lack of experimentally obtained flutter derivatives under fully 
“matched” turbulent flow, the effect of wind turbulence on the flutter derivatives might not fully 
reflect its effects on the bridge flutter performance. Therefore, in the following analysis, the flutter 
derivatives measured in the smooth flow instead of in turbulent flow are used in the formulations 
of the self-excited forces, i.e., they remain the same as in Approach Ⅱ. In order to investigate the 
effect of wind turbulence on the critical flutter velocity, a turbulent wind velocity component is 
added on the mean wind velocity of Approach Ⅱ in the formulations of the self-excited forces. 
This is a similar approach to that used by Bucher and Lin (1988a, 1989) in treating the self-excited 
forces in turbulent flow. However, Bucher and Lin (1988a, 1989) used a complicated stochastic 
solution process for the parametrically excited differential equations of motion. In comparison, the 
present approach is to numerically solve the nonlinear equations of motion in the time-domain. 





𝜌(𝑈 + 𝑢(𝑡))2 [𝐴1ℎ(𝑡) + 𝐴2
𝐵
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in which 𝑢(𝑡) denotes the turbulent component of wind velocity, which can be obtained by field 
measurements or numerical simulations. 
Due to the lack of field measured wind data, the harmonic synthesis method is used here to 
generate a sample of the turbulent wind velocity time-history of the bridge main beam. Four 
turbulent wind fields, with turbulence intensities ranging from 5% to 20%, are simulated here to 
investigate their effects on flutter stability. The main parameters of the turbulent wind field are 
listed in Table 2.4. Fig. 2.12 shows the turbulent wind velocity time-history (Iu=5%) at the mid-
span and the 1/4-span of the bridge. Fig. 2.13 shows the simulated turbulent wind spectrum, and it 
can be found that the simulated turbulent wind spectrum agrees well with the target spectrum. 
Table 2.4. Parameters of turbulent wind field 
Parameter Value 
Main span length 808 m 
Bridge deck elevation 130.08 m 
Simulated points number 68 
Time interval 0.125 s 
Target spectrum Karman 
 
 





Fig. 2.13. Turbulent wind spectrum curve (Iu=5%) 
The results of flutter analysis under different turbulent flows, compared with the results under 
uniform flow, are shown in Fig. 2.14. Specific critical flutter velocities under different wind attack 
angles are summarized in Table 2.5. It can be found that wind turbulences do have stabilizing 
effects on bridge flutter. In general, the critical flutter velocity increases monotonically with the 
increase of turbulence intensity from 5% to 20%. It should also be noted that with relatively low 
turbulence intensities (such as typical 5% and 10%), the critical flutter velocities are almost the 
same as those under the uniform flow, and the stabilizing effect is not obvious. With relatively 
high turbulence intensities (such as 15% and 20%), the critical flutter velocity can be increased by 
5% to 10% due to the turbulence effect. The stabilizing effect is mainly from the de-correlation 





Fig. 2.14. Comparison of flutter analysis results 
Table 2.5. Results of time-domain approach under turbulent flow  
Turbulence intensity 
Wind attack angle 
-3° 0° +3° 
Iu = 0% 







Iu = 10% 96 80 74 
Iu = 15% 99 85 77 
Iu = 20% 100 87 78 
 
Fig. 2.15 shows the post-critical time histories of the displacements at the mid-span under 
turbulent flow (Iu=15%). It can be found that the motion of the bridge deck becomes much more 
irregular and random in the turbulent flow compared to that in the uniform flow. Hence, turbulence 
not only increases the critical flutter velocity, but also changes the vibration patterns to some extent. 
Fig. 2.16 shows the comparison of the correlation of the motion at mid-span and 1/4-span under 
the uniform flow and turbulent flow. The correlation coefficient of the vertical displacements at 
these two points under both the uniform flow and the turbulent flow are calculated in Table 2.6. It 
can be found that, under the uniform flow, the vibration is highly synchronized at each location of 
the bridge deck, which is more likely to generate stronger wind-bridge interactions. However, this 
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consistent pace in vibration has been broken in the turbulent flow. This kind of inconsistency in 











(a) Under uniform flow 
 
 
(b) Under turbulent flow 






Table 2.6. Comparison of correlation coefficient of vertical displacement at mid-span and quarter 
span under uniform and turbulent flow 
Correlation type 
Correlation coefficient 
Uniform flow Turbulent flow 
Pearson correlations 0.978 -0.531 
Spearman correlations 0.952 -0.466 
Kendall correlations 0.825 -0.327 
2.5. Discussions and Conclusions 
Although the frequency-domain approach and the time-domain approach are theoretically 
equivalent since the rational functions are extracted from the experimentally obtained flutter 
derivatives, it can be found that there are still some differences in the numerical values of the 
critical flutter velocities by comparing the results of Approach Ⅰ and Approach Ⅱ. The differences 
may be caused by the following reasons. Firstly, the numerical identification of the parameters in 
the rational functions introduces a degree of approximation and results in numerical errors due to 
the highly irregular behavior of several flutter derivatives. Secondly, the frequency-domain 
approach is based on the linear-elasticity theory and decomposes the structural response into 
multiple main participation modes by using the linear modal decomposition technique, while the 
time-domain approach considers the nonlinearities of the geometry and aerodynamic loads. The 
frequency-domain method is much more straightforward since it directly relies on experimental 
data and is less expensive from a computational point of view. However, the time-domain method 
is more flexible and powerful in some bridge analysis, such as the nonlinearity analysis, coupled 
flutter, and buffeting analysis, etc. 
By comparing the critical flutter velocities of Approach Ⅱ and Approach Ⅲ, it can be found 
that the turbulence in the cross wind can raise the critical flutter velocity. The increase amplitude 
is dependent on the turbulence intensity. It is also found that the turbulence influences the vibration 
patterns and the spatial vibration correlation. However, it should be noted that the effect of 
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turbulence on flutter derivatives is not considered in this study. Many studies have been conducted 
to investigate the flutter derivatives under the turbulent flow, and different research conclusions 
have been made. It is still a debate whether the effect of wind turbulence on flutter stability can be 
fully reflected by the measured flutter derivatives. Therefore, presently, the mechanism of the 
influence of turbulence on flutter derivatives is still not clear, and further study is needed. 
The effect of the turbulent wind field on the aerodynamic stability of bridges is a complex 
process, which needs to take into account its effect on the flutter derivatives, the effect on the 
spatial correlation of self-excited forces, the effect of turbulence-induced buffeting on the 
aerodynamic stability, and other factors comprehensively. In the present study, the turbulence 
effects on flutter stability are numerically simulated in the time domain, which considers the 
nonlinear effects and spatial correlations. The effect of buffeting vibrations on flutter stability is 
also under consideration. Future studies, involving both wind tunnel experiments and numerical 
analysis, are needed to further advance the understanding of the effects of turbulence on the 
aerodynamic stability of bridges.   
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CHAPTER 3. RELIABILITY ANALYSIS ON FLUTTER                             
OF LONG-SPAN BRIDGES 
3.1. Introduction  
With the continuous increase of span lengths in recent years, modern bridges are becoming 
much more flexible and more prone to flutter under wind excitations, which has made flutter 
stability a major concern of long-span bridges design. In the past several decades, flutter stability 
of long-span bridges has been studied comprehensively and mature bridge flutter theories have 
been established (Agar 1998, Cai et al. 1999, Chen et al. 2000, Ge and Tanaka 2000, Ding et al. 
2002, Hua and Chen 2008). Based on these theories, it is well acknowledged that bridge flutter 
occurs when the critical flutter velocity of the structure is exceeded by the extreme wind velocity 
at the bridge site. Typically, as long as the critical flutter velocity is higher than the extreme wind 
velocity at the bridge site, flutter stability is guaranteed. However, the critical flutter velocity and 
the extreme wind velocity are not deterministic but are affected by many uncertainties. The critical 
flutter velocity is usually obtained by either wind tunnel tests or numerical calculations with 
experimentally obtained flutter derivatives. Parameters used in both methods are typically treated 
as deterministic while many among them are actually uncertain variables, which may lead to 
unreliable results of the critical wind velocity. The basic wind velocity is usually based on design 
codes which can only provide a rough wind velocity of the bridge site, which is not adequate for a 
long-span bridge that may have a design life period of 100 years or longer. Therefore, it would be 
more reasonable to conduct a probabilistic flutter analysis of long-span bridges in which random 
and uncertain variables can be taken account of properly.  
Compared to fruitful deterministic flutter analysis of bridges, the probabilistic flutter analysis 
is relatively rare. Ostenfeld-Rosenthal et al. (1992) performed the reliability analysis of flutter and 
proposed the probabilistic flutter criteria for long-span bridges, in which uncertainties considered 
41 
 
were related to the prediction of extreme wind velocity, conversion from model to prototype, 
turbulence intensity, and structural damping. Ge et al. (2000) presented a reliability analysis model 
and three approaches to determine the probability of bridge failures due to flutter based on the first 
order reliability method (FORM). In this research, the basic flutter speed, which is considered as 
a log-normally distributed variable, is determined by an empirical formula. Pourzeynali and Datta 
(2002) conducted a reliability analysis of suspension bridges against flutter failure by considering 
various uncertainties such as geometric and mechanical properties of the bridge, modeling, 
damping, and flutter derivatives. Cheng et al. (2005) proposed a reliability analysis method in 
which the limit state function is constructed through the response surface method (RSM) and 
implicitly represented as a function of various variables. Baldomir et al. (2013) performed a 
reliability study for the proposed Messina Bridge by using FORM. In their study, each flutter 
derivative, as well as structural damping and extreme wind velocity, was considered as a random 
variable. According to the sensitivity analysis of various parameters by Cheng et al. (2005) and 
Pourzeynali and Datta (2002), the extreme wind velocity, damping ratio, modeling, and flutter 
derivatives are the most influential random variables on the flutter reliability of long-span bridges, 
while the other random parameters such as material properties and geometric parameters have 
relative insignificant effects and can be regarded as constants in the flutter reliability analysis. 
When the other parameters such as stiffness and mass become more important in some special 
cases, one can consider these parameters following the established approach in the literature. 
In the present study, flutter reliability analysis is applied to a real bridge project with emphasis 
on several acknowledged important variables including the extreme wind velocity at the bridge 
site, damping ratio, mathematical modeling, and flutter derivatives. The extreme wind velocity at 
the bridge site, as the demand in the limit state function, is obtained by historical wind records of 
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the nearby meteorological station and field measurements of anemometers installed on bridge, 
which can describe the wind distribution at the bridge site more accurately. The critical flutter 
velocity, as the resistance capacity in the limit state function, is determined by FEM in this study 
and affected by several uncertainties. Parametric studies of the uncertain variables to investigate 
their effects on the flutter reliability are conducted. Monte Carlo method and the first order 
reliability method (FORM) are applied here in the reliability analysis.   
3.2. Aizhai Bridge 
Aizhai Bridge is a single-span suspension bridge located in a mountainous area of China, with 
a main span of 1,176 m (steel truss girder) and two main cable side spans of 242 m and 116 m, as 
shown in Fig. 3.1 (a). The width and height of the steel truss girder are 27 m and 7.5 m, respectively. 
The bridge deck is composite of steel stringers and a concrete slab. Rubber support is used between 
the steel stringer and the upper chord of the main steel truss girder. The cross-section view of the 
bridge is displayed in Fig. 3.1 (b). The bridge deck is suspended by suspenders in the main span. 
The bridge deck carries a dual two-lane highway on the deck. The alignment of the bridge deck 
deviates for 52o in counterclockwise from the south axis, as shown in Fig. 3.1 (c).  
A wind speed monitoring system was installed on the bridge to record the wind velocity at the 
bridge site, which has 10 anemometers in total. The monitoring system has been in operation for 
about two years currently. There were six anemometers (five YOUNG5305L and one 
YOUNG8100) along the longitudinal direction of the bridge, and four anemometers (three 










Fig. 3.1. Aizhai Bridge:  




Fig. 3.2. Layout of anemometers on Aizhai Bridge (Unit: mm) 
3.3. Distribution of Wind Velocity and Wind Direction at the Bridge Site 
Due to the difficulty and high cost of obtaining the wind velocity data at the bridge site for a 
consecutive long period, the distribution of wind velocity and wind direction is often estimated by 
utilizing the data of nearby meteorological stations. As is well known, the cumulative distribution 
of extreme wind values extracted from historical records tends to fit the asymptotic extreme-value 
distributions such as the extreme value type Ⅰ (i.e. the Gumbel distribution), the extreme value type 
Ⅱ (i.e. the Frechet distribution), and the extreme value type Ⅲ (i.e. the Weibull distribution) 
(Mayne 1979, Palutikof et al. 1999). In this study, the distribution of wind velocity and direction 
at bridge site was obtained based on the nearby Jishou meteorological station and field measured 
wind speed data at the Aizhai Bridge site. First, the original data of the wind velocity and direction 
for a period of 31 consecutive years at the Jishou meteorological station was collected and the 
statistical analysis was conducted. Second, the probability distribution model of the wind velocity 
and direction was optimally determined among Gumbel, Frechet, and Weibull distributions. 
Finally, the distribution of the wind velocity and direction at the Aizhai Bridge site was determined 




3.3.1. Statistical Analysis of Wind Data 
The daily maximum values (10-min average) of the wind velocity at the height of 10m above 
the ground was obtained through sampling analysis. The results of the 16 compass directions and 
the non-directional sample (NDS) regardless of azimuth direction are shown in Table 3.1. The 
relative frequencies of wind direction are given in polar in Fig. 3.3.  























N 0.030 1.35 1.74 0.42 0.15 0 0 0.000 0.000 3.689 
NNE 0.000 6.238 4.829 1.35 0.33 0.09 0 0.000 0.000 12.837 
NE 0.000 10.018 14.037 3.75 0.75 0.15 0 0.000 0.000 28.704 
ENE 0.000 2.22 4.649 1.86 0.33 0.06 0 0.000 0.000 9.118 
E 0.000 2.73 3.54 1.02 0.24 0 0.03 0.000 0.000 7.558 
ESE 0.030 2.88 2.52 0.36 0.03 0 0.03 0.000 0.000 5.849 
SE 0.000 8.309 5.819 0.54 0.15 0.03 0 0.000 0.000 14.847 
SSE 0.000 1.71 0.84 0.24 0.03 0 0 0.000 0.000 2.819 
S 0.000 1.17 1.47 0.36 0 0.03 0.03 0.000 0.000 3.059 
SSW 0.000 0.99 1.71 0.36 0.03 0.03 0 0.000 0.000 3.119 
SW 0.000 0.6 0.72 0.06 0 0.03 0 0.000 0.000 1.410 
WSW 0.000 0.48 0.42 0.3 0 0 0 0.000 0.000 1.200 
W 0.000 0.45 0.6 0.27 0.09 0.03 0 0.000 0.000 1.440 
WNW 0.000 0.12 0.3 0.36 0.09 0 0.06 0.000 0.000 0.930 
NW 0.000 0.33 0.51 0.33 0.27 0.06 0 0.000 0.000 1.500 
NNW 0.030 0.33 0.9 0.42 0.12 0.06 0.06 0.000 0.000 1.920 
NDS 0.090 39.922 44.601 11.997 2.61 0.57 0.21 0.000 0.000 100.000 


































Fig. 3.3. Relative frequency of wind direction 
3.3.2. Joint Distribution Model of Wind Velocity and Direction 
Three types of extreme-value distribution models are utilized here to fit the statistical 
frequency of the daily maximum wind velocity in Table 3.1. The cumulative distribution function 
(CDF) and the probability density function (PDF) of each distribution model can be expressed as: 



















































































fuP                                                        (3.3) 









































































fuP                                                   (3.5) 
















fuP                            (3.6) 
in which )(f  is the frequency of the compass direction  ; )(a , )(b , and )(  are the scale 
parameter, location parameter, and shape parameter, respectively, in the distribution functions 
which can be optimally estimated according to the sample of wind velocity records of the 
corresponding wind direction.  
It is assumed that the wind velocities of different directions follow the same distribution model, 
and the parameters in the distribution model of different wind directions are mutually independent 
(Ge and Xiang 2002). The probability density curves of the non-directional sample are shown in 
Fig. 3.4. The least squares method was utilized to fit the parameters in each distribution model and 
the results are shown in Table 3.2. According to Table 3.2, the correlation coefficients r of the 
Gumbel distribution are the largest among three distribution models. From Fig. 3.4, it can also be 
found that the best-fitted curve is the Gumbel distribution. Hence, it can be concluded that the 
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Gumbel distribution Frechet distribution Weibull distribution 
a b r A Γ r a γ r 
N 0.037 1.27 3.990 0.975 4.048 2.983 0.940 4.78 3.635 0.953 
NNE 0.128 1.294 3.523 0.982 3.605 2.742 0.972 4.462 3.061 0.938 
NE 0.287 1.2 4.065 0.998 4.161 3.260 0.959 4.825 3.780 0.968 
ENE 0.091 1.232 4.410 0.990 4.523 3.783 0.985 5.219 3.796 0.928 
E 0.076 1.047 4.000 0.981 4.088 3.789 0.979 4.748 3.926 0.902 
ESE 0.058 0.891 3.688 0.992 3.69 3.980 0.988 4.29 4.251 0.912 
SE 0.148 0.895 3.537 0.994 3.519 3.884 0.971 4.097 4.430 0.979 
SSE 0.028 0.754 3.370 0.933 3.35 4.577 0.962 3.742 5.296 0.839 
S 0.031 1.128 3.849 0.961 3.869 3.173 0.900 4.502 4.068 0.970 
SSW 0.031 1.191 4.202 0.972 4.407 4.159 0.925 4.927 4.037 0.992 
SW 0.014 1.006 3.881 0.976 3.921 3.744 0.956 4.616 4.048 0.931 
WSW 0.012 1.602 3.921 0.829 3.968 2.336 0.783 5.145 2.800 0.816 
W 0.014 1.757 4.386 0.921 4.449 2.249 0.811 5.573 3.013 0.943 
WNW 0.009 1.992 5.510 0.568 5.667 3.132 0.542 6.863 3.397 0.630 
NW 0.015 2.015 4.980 0.728 5.005 2.409 0.763 6.632 2.639 0.658 
NNW 0.019 1.236 4.614 0.905 4.658 3.869 0.910 5.549 3.855 0.838 
NDS 1.000 1.187 4.391 1.000 4.433 3.572 0.978 5.139 4.041 0.955 
Note: r = correlation coefficient; NDS= non-directional sample 
 
3.3.3. Distribution of Wind Velocity at the Aizhai Bridge Site 
Since the Aizhai Bridge is close to the Jishou meteorological station, it is assumed that the 
wind direction distribution at the bridge site is the same as the meteorological station. The joint 
distribution function of the wind velocity and direction at the meteorological station is expressed 
as: 
)().(),( 00 ugfuP                                                          (3.7) 
where )(f  is the frequency of the compass direction⁡𝜃, which is assumed the same for both the 
meteorological station and the bridge site; )( 0ug denotes the cumulative distribution function of 
the corresponding wind velocity.  
Assume that the gradient wind velocities at the meteorological station and the bridge site are 
equal, the relationship between the wind velocities at the meteorological station and different 


































                                                        (3.8) 
in which 0H  and bH  are the gradient wind heights at the meteorological station and the bridge 
site, respectively; 0h  and bh  are the height of observation point where the ground is flat and 
relatively wide at the meteorological station and the height of the bridge deck; αo and αb are surface 
roughness exponents at the meteorological station and the bridge site, respectively. 
At the meteorological station, the height of observation point 0h  is 10 m, the surface roughness 
exponent is set as 0.16 and the gradient wind height 0H  is set as 350 m according to Terrain type 
B due to the relatively flat and wide ground. At the bridge site, the surface roughness exponent αb 
can be determined using field measurements. As is mentioned before, there are 10 anemometers 
in total installed on the Aizhai Bridge, which can provide real-time wind velocities at the bridge 
site. The wind profile at the bridge site was simulated according to the field measured wind 
velocities of the four vertical anemometers, as shown in Fig. 3.5 with four data sets (data 1 to data 
4), where Z1 and Z2 are the heights of the reference point and the monitoring point, respectively, 
and UZ1 and UZ2 are the wind velocities of the corresponding heights. It can be found that the 
surface roughness exponent αb is 0.215, which indicates that the wind field at the bridge site 
belongs to Terrain type C. Thus, the gradient wind height bH  is set as 400 m. The height of the 
bridge deck bh  cannot be taken as the height from the ground to the deck for the mountain valley 
terrain. In this paper, the height of the bridge deck bh  is defined as the equivalent height equal to 
the area enclosed by the ground surface and the girder divided by the girder length according to 
the area equivalence criterion.  
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 Field measurement data 1
 Field measurement data 2
 Field measurement data 3
 Field measurement data 4










Fig. 3.5. Wind profile at the bridge site 
Based on Eqs. (3.7) and (3.8) and the previously obtained Gumbel distribution parameters at 
the meteorological station, the distribution of wind velocity at the Aizhai Bridge site can be 
determined. The Gumbel distribution parameters bia  and bib , the mean ub  and the standard 
derivative ub , the maximum wind velocity over 100-year return period 100U , and the relative 
frequency of occurrence ip  of the 16 wind directions and the non-directional sample (NDS) 





















Table 3.3. Wind distribution parameters at bridge site 
Comp. direct. bia  bib  ub  ub  100U  ip  
N 2.197 6.903 8.171 2.818 17.019 0.037 
NNE 2.239 6.095 7.387 2.871 16.402 0.128 
NE 2.076 7.032 8.231 2.662 16.591 0.287 
ENE 2.131 7.629 8.860 2.733 17.443 0.091 
E 1.811 6.920 7.965 2.323 15.260 0.076 
ESE 1.541 6.380 7.270 1.977 13.477 0.058 
SE 1.548 6.119 7.013 1.986 13.248 0.148 
SSE 1.304 5.830 6.583 1.673 11.836 0.028 
S 1.951 6.659 7.785 2.503 15.644 0.031 
SSW 2.060 7.269 8.459 2.643 16.756 0.031 
SW 1.740 6.714 7.719 2.232 14.727 0.014 
WSW 2.771 6.783 8.383 3.554 19.544 0.012 
W 3.040 7.588 9.342 3.898 21.583 0.014 
WNW 3.446 9.532 11.521 4.420 25.399 0.009 
NW 3.486 8.615 10.627 4.471 24.666 0.015 
NNW 2.138 7.982 9.216 2.742 17.827 0.019 
NDS 2.054 7.596 8.782 2.634 17.051 1 
Note: NDS= non-directional sample 
3.4. Distribution of Critical Flutter Velocity of Bridge  
In this study, the critical flutter velocity is based on the result of numerical calculation by FEM, 
taking account of the uncertainties including damping ratio, mathematical modeling, and 
experimentally obtained flutter derivatives. The critical flutter velocity here is represented by a 
basic flutter velocity multiplied by three factors of uncertainties, which can be expressed as follows: 
   fdmdfcr FFFUU                                                                 (3.9) 
in which crU  is the critical flutter velocity,  fU  is the basic flutter velocity determined by FEM 
which contains several uncertainties. dF , mF  and fdF  denote the effects of the structural 
damping uncertainty, the modeling uncertainty, and the flutter derivatives uncertainty on the basic 
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flutter velocity fU , respectively. All these uncertainty factors are assumed as independent log-
normal distributed random variables with mean value of unity (Pourzeynali and Datta 2002). 
3.4.1. Basic Flutter Velocity by FEM  
The equation of motion of a bridge in the smooth flow can be expressed as: 
                                                    
seMq Cq Kq F                                                                        (3.10) 
where M , C , and K  are the global mass, damping, and stiffness matrices, respectively; q , q , and 
q  represent the nodal displacement, velocity, and acceleration vectors, respectively; and seF  
denotes the vector of the nodal aeroelastic forces.  
Self-excited lift force seL , drag force seD  , and pitching moment seM  per unit length of 








































]             (3.11b) 



















]          (3.11c) 
in which ρ is the air density; U is the mean wind velocity; B is the bridge deck width; K is the 
reduced circular frequency; 𝐻𝑖
∗, 𝑃𝑖
∗ and 𝐴𝑖
∗ (𝑖 =1 to 6) are the aerodynamic derivatives related to 
the vertical, lateral, and torsional directions, respectively; ℎ, 𝑝, and 𝛼 are the vertical, lateral, and 
torsional displacements of the bridge, respectively; and the dot on the cap denotes the derivative 
with respect to the time. 
A three-dimensional finite element model of the Aizhai Bridge has been established to 
calculate the basic critical flutter velocity, as shown in Fig. 3.6. The bridge deck is modeled by 
beam188 elements. The main cables and suspension cables are simulated by link10 elements. The 
structural damping ratio is assumed as 0.5%. According to the flutter derivatives experimentally 
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determined by wind tunnel forced vibration tests, 3D flutter analysis of the Aizhai Bridge has been 
carried out by FEM in ANSYS (Hua et al. 2007; Han et al. 2015).  
 
Fig. 3.6. Finite element model of Aizhai Bridge 
In finite element analysis, the aerodynamic forces in Eq. (3.11) are incorporated in Eq. (3.10) 
in terms of aerodynamic stiffness and damping matrices, which are expressed by parameters such 
as flutter derivatives, wind velocity, and reduced circular frequency. A pair of Matrix27 elements 
are attached to each node of the bridge deck to model the aerodynamic force matrices, one for the 
stiffness matrix and one for the damping matrix. Thus, the governing equation of motion for the 
bridge can be derived as: 
𝐌?̈? + (𝐂 − 𝐂𝑎𝑒)?̇? + (𝐊 − 𝐊𝑎𝑒)𝐪 = 𝟎                                     (3.12) 
where 𝐂𝑎𝑒 and 𝐊𝑎𝑒 denote the aerodynamic damping and stiffness matrices, respectively. 
By solving Eq. (3.12), the critical flutter velocity can be determined through the damped 
complex eigenvalue analysis. If the real part of one eigenvalue becomes zero at a certain wind 
velocity, then the system is on the critical flutter state and the corresponding wind velocity is the 
critical flutter wind velocity. The result of the critical flutter velocity at the wind attack angle of 0° 
by FEM, compared with the result of the section model wind tunnel test, is shown in Table 3.4. It 
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can be found that the results of these two methods are consistent (within numerical errors), which 
indicates the accuracy of the critical flutter velocity by FEM.  
Table 3.4. Critical flutter velocity of Aizhai Bridge 
Method Critical flutter velocity (m/s) 
Section model test 77.1 
FEM 78 
 
3.4.2. Damping Ratio Uncertainty 
For long-span suspension bridges, which are very flexible and vulnerable to wind effects, 
structural damping is one of the most important parameters for aerodynamic safety of the structure. 
However, there are relatively rare data of measurements of structural damping for long-span 
suspension bridges. According to Davenport and Larose (1989), the structural damping of long-




                                                                    (3.13) 
in which   is the damping ratio (%); c  is the proportionality coefficient; f  is the structural 
frequency (Hz); E  is a log-normally distributed uncertainty factor with mean value of unity and 
coefficient of variation equal to 0.4. 
As is mentioned before, the structural damping ratio is equal to 0.5% ( 5.0
f
c
 ). Hence, 




                                                   (3.14) 
According to a study by Ostenfeld-Rosenthal et al. (1992) based upon the thin airfoil theory, a 
linear function between the critical flutter velocity and the structural damping is assumed and the 
linear fitting result is as follows: 
56 
 
2.29.76 crU                                                       (3.15) 
Hence, the standard deviation of the structural damping uncertainty factor dF  can be derived 
as: 
44.02.2   dF                                                     (3.16) 
3.4.3. Mathematical Modeling Uncertainty 
As is stated before, the basic flutter velocity is determined by FEM in ANSYS. However, the 
finite element model is an idealized model, which may not fully represent the actual structure due 
to several assumptions, approximations, and simplifications in the modeling. There may also have 
some errors in the numerical calculation. All these uncertainties that may affect the basic flutter 
velocity are considered here by introducing a modeling uncertainty factor mF . Referring to the 
research by Pourzeynali and Datta (2002), the standard deviation of the modeling uncertainty 
factor mF  is assumed as 0.1. 
3.4.4. Flutter Derivatives Uncertainty 
As is mentioned before, the experimentally obtained flutter derivatives are essential for the 
numerical calculation of the basic flutter velocity. For the application of example in this paper, the 
flutter derivatives are determined in the HD-2 wind tunnel of Hunan University. According to 
Pourzeynali and Datta (2002), the uncertainty of flutter derivatives may arise from the turbulence 
effect, the experimental error, and curve-fitting techniques. It is found by Scanlan (1997) that the 
turbulence effects can increase the critical flutter velocity by 10% to 20% over that under smooth 
flow. Bucher and Lin (1988) also proved that the presence of turbulence may be favorable for 
flutter stability of bridges if there exists of aerodynamic coupling between the structural modes of 
vibration. Therefore, it will be more conservative to retain smooth-flow flutter derivatives for 
design studies. As a consequence, the turbulence effect on flutter derivatives is ignored here. 
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 According to a comparative and sensitivity study of flutter derivatives by Sarkar et.al (2009), 
the differences in flutter derivatives are mainly attributed to different experimental methods (free 
or forced vibration) used in wind tunnel tests, different laboratory environments or operational 
conditions, and effects of amplitude dependency of the aero-elastic terms (for bluff cross sections). 
The flutter derivatives of the Aizhai Bridge by free vibration tests and forced vibration tests, 
compared with Theodorsen function, are shown in Fig. 3.7. It can be found that there are relatively 





*, the values of the free vibration and forced vibration tests are relatively consistent at 
the low reduced wind velocities. Compared with the free vibration test, the identification accuracy 
of the forced vibration test is relatively higher and the range of the reduced wind velocity is larger. 
As a result, the flutter derivatives used in this study are obtained by forced vibration test. According 
to Sarkar et al. (2007), due to the flutter derivative uncertainty, flutter velocity uncertainty value 
varies from 5% to 30%. Because of the lack of sufficient knowledge of flutter derivative 
distributions and their effects on flutter velocity, the standard deviation of the flutter derivatives 













3.5. Flutter Reliability Analysis 
The limit state function for flutter reliability analysis is defined as follows: 
efdmdfefdmd UFFFUUFFFf ),,,(                                        (3.17) 
in which fU  is the basic flutter velocity of bridge , eU  is the extreme wind velocity at the bridge 
site. dF , mF  and fdF  are the structural damping uncertainty factor, the modeling uncertainty 
factor, and the flutter derivatives uncertainty factor, respectively. 
As is well known, bridge flutter is mainly caused by cross winds. Hence, only the wind 
component in the direction perpendicular to the longitudinal axis of the bridge is considered in the 
flutter reliability analysis. For each particular compass direction, the extreme wind velocity is: 
iie UU cos      (i =1, 2, …, 16)                                        (3.18) 
where iU  is the wind velocity in the compass direction i, i  is the yaw angle between the compass 
direction i and the direction perpendicular to the longitudinal axis of the bridge. 
According to the relative frequencies of occurrence of all 16 compass directions in Table 3.3, 
the probability of failure due to flutter can be derived as: 
   
16
1i FiF i
PpP                                                                (3.19) 
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in which ip  is the relative frequency of occurrence of compass direction i,  iFP
 is the probability 
of failure of compass direction i with the extreme wind velocity of iiU cos . 
The methodology mentioned above has taken account of the relative occurrence frequencies 
of wind directions, which will be more reasonable and precise. For comparison, the NE direction, 
which is almost perpendicular to the longitudinal axis of the bridge as shown in Fig. 3.3, and the 
non-directional sample (NDS) have also been studied by ignoring the frequency of occurrence. 
The three cases, namely, the one considering all 16 compass directions and their relative 
occurrence frequencies, the NE direction only, and the NDS respectively, are defined as case Ⅰ, 
case Ⅱ, and case Ⅲ below, respectively. 
The distribution parameters of random variables in the limit state function, which are obtained 
previously, are summarized in Table 3.5. All these random variables are assumed mutually 
independent. Based on the well-developed structural reliability theories, Monte Carlo method, and 
the advanced first order reliability method (AFORM) are adopted here to conduct the flutter 
reliability analysis of the Aizhai Bridge for mutual verifications. The results of the reliability index 
  and probability of failure fP  are shown in Table 3.6. It can be found that the reliability index 
of the NE direction (case Ⅱ) without considering the occurrence frequency of this direction is close 
to that of case Ⅰ which considers the occurrence frequencies of all 16 compass directions. The 
results of case Ⅲ are the most conservative among three cases. Though the result of case Ⅰ is most 
precise one, the result of the NE direction (case II) can still be utilized as reference for the 
preliminary design for simplification and is more conservative, especially for circumstances that 











Mean value Standard deviation 
Case Ⅰ Case Ⅱ Case Ⅲ Case Ⅰ Case Ⅱ Case Ⅲ 
𝑈𝑒 Gumbel N/A 8.231 8.782 N/A 2.662 2.634 
𝐹𝑑 Lognormal 1 0.44 
𝐹𝑚 Lognormal 1 0.1 
𝐹𝑓𝑑 Lognormal 1 0.15 
Table 3.6. Results of flutter reliability analysis 
Case 
Monte Carlo method AFORM 
𝛽 𝑃𝑓 𝛽 𝑃𝑓 
Ⅰ 4.0419 2.6509e-05 4.0315 2.7713e-05 
Ⅱ 3.9215 4.4000e-05 3.9211 4.4074e-05 
Ⅲ 3.8643 5.5700e-05 3.8711 5.4179e-05 
 
3.6. Parametric Analysis of Uncertainty Factors 
As is stated before, three uncertainty factors are introduced to estimate the effects of the 
structural damping uncertainty, the modeling uncertainty, and the flutter derivatives uncertainty 
on the basic flutter velocity, respectively. Parametric studies of three factors are conducted 
separately to investigate the sensitivity of these parameters on the flutter reliability index. The 
estimation of the structural damping is one of the most difficult problems in structural dynamics. 
Based on the database of Davenport and Carroll (1986), the coefficient of variation (COV) of the 
structural damping of high-rise buildings can range from 33% to 78%. Due to the lack of sufficient 
data of long-span bridges, the range of the COV of the structural damping uncertainty factor Fd is 
set as from 0.3 to 0.8 with intervals of 0.1 here. As the results of the critical wind velocity by FEM 
and by the section model wind tunnel test are highly consistent, the accuracy of the finite element 
model is warranted. Hence, the COV of the modeling uncertainty factor Fm is assumed to vary 
from 5% to 15% with uniform increments of 5%. The flutter derivatives uncertainty factor is one 
of the most influential variables on the reliability of long-span suspension bridges. It was also 
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found by Sarkar et al. (2007) that the flutter derivative uncertainty did not directly relate to flutter 
velocity uncertainty. This is understandable because the flutter velocity depends heavily on the 
type of bridge and mode of flutter. Flutter velocity uncertainty values that are partly resulted from 
the flutter derivative uncertainties, can range from 5% to 30% depending on various conditions. 
As a result, the COV of the flutter derivatives uncertainty factor Ffd is assumed ranging from 0.05 
to 0.3 with intervals of 0.05. The results of parametric studies are shown in Figs. 3.8 – 3.10. It can 
be found that the reliability index decreases with the increase of the coefficient of variation for all 
three factors. Compared with the modelling uncertainty, the structural damping and the flutter 
derivatives have more significant effects on the flutter reliability of bridges, especially for the 
structural damping, which causes a maximum variation of the reliability index as large as 46.4%.   
 




Fig. 3.9. Values of reliability index versus COV of Fm 
 
 
Fig. 3.10. Values of reliability index versus COV of Ffd 
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3.7. Concluding Remarks 
A reliability analysis model is established and an application is conducted to investigate the 
reliability of long-span bridges against flutter failure. Uncertainties considered in the reliability 
analysis are the extreme wind velocity at the bridge site, damping ratio of bridge, and flutter 
derivatives. The extreme wind velocity at the bridge site is proven to follow the Gumbel 
distribution. The uncertainty of modeling has relatively small impact on the reliability index. It is 
found that the uncertainties of structural damping and flutter derivatives have significant effects 
on the flutter reliability of long-span suspension bridge, which indicates that it is important and 
necessary to obtain more accurate and reliable information of these parameters. The reliability 
index can provide more reasonable guidance than the critical flutter velocity for long-span bridges 
design. The reliability analysis method proposed here can be applied to obtain more adequate 
understanding of the flutter stability performance of long-span bridges. 
3.8. References  
Agar, T. J. A. (1998). The analysis of aerodynamic flutter of suspension bridges. Computers & 
Structures, 30(3): 593-600. 
Baldomir, A., Kusano, I., Hernandez, S., and Jurado, J. A. (2013). A reliability study for the 
Messina Bridge with respect to flutter phenomena considering uncertainties in 
experimental and numerical data. Computers & Structures, 128: 91-100. 
Bucher, Christian Georg, and Lin, Yu Kwen (1988). Stochastic stability of bridges considering 
coupled modes. Journal of Engineering Mechanics, 114(12): 2055-2071. 
Cai, C. S., Pedro Albrecht, and Harold R. Bosch (1999). Flutter and buffeting analysis. II: Luling 
and Deer Isle bridges. Journal of Bridge Engineering, 4(3): 181-188. 
Chen, Xinzhong, Masaru Matsumoto, and Ahsan Kareem (2000). Time domain flutter and 
buffeting response analysis of bridges. Journal of Engineering Mechanics, 126(1): 7-16. 
Cheng, J., Cai, C. S., Xiao, R. C. and Chen, S. R. (2005). Flutter reliability analysis of suspension 
bridges. Journal of Wind Engineering and Industrial Aerodynamics, 93(10): 757-775. 
65 
 
Davenport, A. G. and Larose, G. L. (1989). The structural damping of long span bridges, an 
interpretation of observations. Proceedings of the Canada-Japan Workshop 
on Bridge Aerodynamics.  
Davenport, Alan Garnett, and P. Hill-Carroll (1986). Damping in tall buildings: its variability and 
treatment in design. Building motion in wind, ASCE, 42-57. 
Ding, Quanshun, Chen, Airong, and Xiang, Haifan (2002). Coupled flutter analysis of long-span 
bridges by multimode and full-order approaches. Journal of Wind Engineering and 
Industrial Aerodynamics, 90(12): 1981-1993. 
Ge, Yaojun, and Haifan Xiang (2002). Statistical study for mean wind velocity in Shanghai area. 
Journal of wind engineering and industrial aerodynamics, 90(12): 1585-1599. 
Ge, Y. J., and Tanaka, H. (2000). Aerodynamic flutter analysis of cable-supported bridges by 
multi-mode and full-mode approaches. Journal of Wind Engineering and Industrial 
Aerodynamics, 86(2): 123-153. 
Ge, Y. J., Xiang, H. F. and Tanaka, H. (2000). Application of a reliability analysis model to bridge 
flutter under extreme winds. Journal of Wind Engineering and Industrial 
Aerodynamics, 86(2): 155-167. 
Han, Y., Liu, S. Q. and Cai, C. S. (2015). Flutter stability of a long-span suspension bridge during 
erection. Wind and Structures, 21(1): 41-61. 
Hua, X. G., Chen, Z. Q. and Ni, Y. Q. (2007). Flutter analysis of long-span bridges using 
ANSYS. Wind and Structures, 10(1): 61-82. 
Hua, X. G., and Z. Q. Chen (2008). Full-order and multimode flutter analysis using ANSYS. Finite 
Elements in Analysis and Design, 44(9): 537-551. 
Mayne, J. R. (1979). The estimation of extreme winds. Journal of Wind Engineering and Industrial 
Aerodynamics, 5(1-2): 109-137. 
Ostenfeld-Rosenthal, Madsen, P., H. O. and Larsen A. (1992). Probabilistic flutter criteria for long 
span bridges. Journal of Wind Engineering and Industrial Aerodynamics, 42(1): 1265-
1276. 
Palutikof, J. P., Brabson, B. B., Lister, D. H. and Adcock, S. T. (1999). A review of methods to 
calculate extreme wind speeds. Meteorological applications 6.2: 119-132. 
Pourzeynali, S., and Datta, T. K. (2002). Reliability analysis of suspension bridges against 
flutter. Journal of Sound and Vibration, 254(1): 143-162. 
Sarkar P. P., Caracoglia L, Haan F. L. (2007). Parametric study of flutter derivatives of bluff cross 
sections and their implications on the aeroelastic stability of flexible bridges. The 39th 
technical panel meeting on wind and seismic effects, US–Japan cooperative program in 
66 
 
natural resources (UJNR), Technical Memorandum of PWRI (Public Works Research 
Institute) No. 4075 (ISSN 0386- 5878), 432–41. 
Sarkar, P. P., Caracoglia, L., Jr, FLH, Sato H., Murakoshi, J. (2009). Comparative and sensitivity 
study of flutter derivatives of selected bridge deck sections, Part 1: Analysis of inter-
laboratory experimental data. Engineering Structures, 31(1): 158-169. 
Scanlan, R. H. (1978). The action of flexible bridges under wind, I: flutter theory. Journal of Sound 
and Vibration, 60(2): 187-199. 
Scanlan, R. H. (1997). Amplitude and turbulence effects on bridge flutter derivatives. Journal of 




CHAPTER 4. WIND TURBULENCE INTENSITY EFFECTS ON  
FATIGUE DAMAGE OF LONG-SPAN BRIDGES BASED ON         
STRESS-LEVEL BUFFETING ANALYSIS 
4.1. Introduction 
In the past several decades, the span length of long-span bridges has been continuously 
extended to new limits and dozens of long-span bridges with a main span of more than 1,000 m 
haven been built all over the world. In addition, more and more long-span or even super-long span 
bridges across straits have been proposed or planned, such as the Gibraltar Strait Bridge, the 
Messina Strait Bridge, the Qiongzhou Strait Bridge, etc. What’s more, most of these long-span 
bridges are located in a typhoon prone region, and thus wind excitations become much more 
critical. Wind-induced buffeting, which can result in fatigue damage and the accelerated 
deterioration of bridges, has always been a major concern for long-span bridges. As the span length 
increases, the buffeting response of the bridge becomes more significant, which leads to the 
increase of stresses and fatigue damage of the structure. Therefore, it is imperative to conduct a 
stress-level buffeting analysis and investigate buffeting-induced fatigue damage for long-span 
bridges. 
While the majority of the previous buffeting studies (Davenport 1962, Scanlan and Gade 1977, 
Cai et al. 1999, Larose and Mann 1998, Xu et al. 2000, Chen et al. 2009) focused on the global 
displacements response, studies focusing on stress level analysis are very rare (Liu et al. 2009, Zhu 
et al. 2016). Bridges in buffeting analysis are traditionally modelled with the equivalent beam finite 
elements and the buffeting forces are normally loaded as integrated sectional forces rather than 
spatial distributed forces across the bridge deck section, which may lead to inaccurate results of 
buffeting-induced stress analysis. In the past two decades, with the advancement of digital signal 
processing (DSP) and sensor technologies, structural health monitoring (SHM) systems have been 
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widely applied to monitor both displacement and stress responses to ensure the safety and 
performance of bridges. There have also been a few stress-level studies (Chan et al. 2001, Li et al. 
2002, Li et al. 2003, Liu et al. 2009) by utilizing data obtained from structural health monitoring. 
However, the structural health monitoring systems do have several limitations. The number and 
location of the strain gauges are limited so that it is very hard to cover all possible critical locations. 
Thus, the data through structural health monitoring may not be sufficient for stress analysis of the 
whole structure and especially for the lifetime fatigue assessment. As a result, a detailed finite 
element model that can take into account of the spatial distribution of the buffeting forces is thus 
essential and imperative for accurate stress-level buffeting analysis.  
There are only a few studies that have been conducted on buffeting-induced fatigue damage of 
long-span bridges so far. Virlogeux (1992) performed the fatigue life analysis due to buffeting for 
the Normandy Bridge in France by neglecting the background component of the buffeting response. 
Hosomi et al. (1997) executed the fatigue strength design for vortex-induced oscillation and 
buffeting of a bridge by taking into account the aerodynamic responses in a wide range of wind 
directions, velocities, and attack angles. Gu et al. (1999) presented a mixed frequency-time domain 
method for estimating the fatigue life of bridge steel girders due to buffeting. It is found that the 
effects of wind direction on the fatigue life are significant. Pourzeynali and Datta (2005) carried 
out a reliability analysis of suspension bridges against the gustiness of wind. Xu et al. (2009) 
presented a systematic framework for the buffeting-induced fatigue damage assessment of the 
Tsing Ma Bridge. It is well known that buffeting is a kind of random forced vibration caused by 
wind turbulence. However, as the most important parameter of wind turbulence, the wind 
turbulence intensity effects on bridge fatigue have never been investigated in previous studies. The 
current bridge fatigue design specifications, such as the AASHTO LRFD Bridge Design 
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Specifications in the United States and the Eurocode 3: Design of steel structures in Europe, also 
have no specific regulations on wind-induced bridge fatigue design. Nevertheless, as more and 
more long-span bridges are built in strong wind regions, in-depth parameter analyses such as on 
the wind turbulence intensity may provide guidance for long-span bridge fatigue design. 
In view of the problems outlined above, the present study aims at conducting the stress-level 
buffeting response analysis and investigating the effects of wind turbulence intensity on the fatigue 
damage of long-span bridges. By taking the Taihong Bridge as an example, a detailed finite 
element model is established first and used for the buffeting-induced stress response analysis. In 
order to obtain the spatial distribution of the buffeting forces on the bridge deck sections, a 
numerical simulation using CFD is applied to get the wind pressure distribution. After that, the 
displacements responses and stresses responses of the bridge deck section are identified. Finally, 
a parametric study on the effects of wind turbulence intensity on buffeting-induced fatigue is 
conducted by utilizing the Miner’s rule to calculate the accumulative fatigue damage.  
4.2. Description of Bridge and Finite Element Model 
4.2.1. Taihong Bridge 
The Taihong Bridge analyzed in the present study is a single span suspension bridge that has 
a span length of 808 m, a streamlined steel box girder with a width of 37.5 m and a height of 3 m. 
The two main cable planes are 33.6 m apart, and the bridge deck is suspended by hangers at 
intervals of 12 m. The two bridge towers are reinforced concrete structures with a height of 112.7 








Fig. 4.1. Sketch of the Taihong Bridge: (a) elevation view (unit: cm); (b) cross section (unit: 
mm) 
4.2.2. Finite Element Modeling 
In order to capture the detailed geometry of the bridge deck for the stress-level buffeting 
response and fatigue damage analysis later on, a 3D detailed FE model of the Taihong Bridge was 
established with the commercial software package ANSYS, as shown in Fig. 4.2. In the FE model, 
the bridge deck was modelled using Shell elements with equivalent properties. The bridge towers 
are simulated with Beam4 elements and the main cables and suspension cables are simulated with 
Link10 elements. Additional mass which comes from the secondary components of the deck and 







Fig. 4.2. FE model of Taihong Bridge: (a) shell element model; (b) main girder in shell element 
model 
4.3. Framework of Buffeting Analysis with Distributed Wind Loads 
4.3.1. Formulation 
Wind loads acting on the bridge deck mainly include the static wind forces and the buffeting 
forces. The governing equation of motion of the bridge under such wind loads can be expressed 
as: 
                                                       𝐌?̈? + 𝐂?̇? + 𝐊𝐪 = 𝐅b + 𝐅st⁡                                               (4.1) 
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where 𝐌, 𝐂, and 𝐊 are the mass, damping, and stiffness matrices, respectively; 𝐪, ?̇?, and ?̈? denote 
the nodal displacement, velocity, and acceleration vectors, respectively; and 𝐅b and  𝐅st represent 
the turbulence-induced buffeting forces and the static wind forces, respectively. 
The static drag force, lift force, and pitching moment acting on the bridge deck segment of unit 




𝜌𝑈2B𝐶𝐷(𝛼0)                                                      (4.2a) 
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𝜌𝑈2𝐵2𝐶𝑀(𝛼0)                                                   (4.2c) 
where ρ is the air density; U is the mean wind velocity; B is the bridge deck width; 𝐶𝐷, 𝐶𝐿, and 𝐶𝑀 
are the drag, lift, and pitching moment coefficients , respectively; and 𝛼0 is the effective wind 
attack angle of the oncoming wind; 
According to the buffeting analysis model developed by Davenport (1962) based on the 
aerodynamic strip theory and the quasi-steady linear theory, the buffeting forces per unit length 

































]                            (4.3c) 
where 𝐶𝐿
′ = 𝑑𝐶𝐿/𝑑𝛼, 𝐶𝐷
′ = 𝑑𝐶𝐷/𝑑𝛼, and 𝐶𝑀
′ = 𝑑𝐶𝑀/𝑑𝛼; and 𝑢(𝑡) and 𝑤(𝑡) are the along-wind 
and vertical velocity fluctuations of the wind, respectively. 
These equations listed above are typically applied to the spine-beam element model, in which 
the concentrated static wind forces and the buffeting forces are acting at the center of the elasticity 
of the bridge deck section. However, these forces are actually spatially distributed on the surface 
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of the bridge deck in the form of wind pressures. It may lead to inaccurate buffeting response 
results such as stresses if their spatial distribution is ignored. In order to investigate the local 
structural behavior such as local fatigue problem of the bridge deck, it is imperative to consider 
the spatial distribution of the static wind forces and buffeting forces on the whole bridge deck 
section. 
It is assumed that the wind loads distribution on each deck section is the same. From the 
perspective of the wind pressures, the static wind forces acting on a segment (consists of the ith 




𝜌𝑈2 ∫ 𝐶𝑝𝑥(𝛼0, 𝑏)𝑑𝑏
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𝜌𝑈2 ∫ 𝐶𝑝𝑦(𝛼0, 𝑏)𝑑𝑏
𝑏𝑖𝑗
0
⁡                                          (4.4b) 
where  𝐹𝐻 and 𝐹𝑉 are the horizontal and vertical static forces per unit length segment;  𝑏𝑖𝑗 is the 
length from ith node to jth node; 𝐶𝑝𝑥 and 𝐶𝑝𝑦 are the horizontal and vertical components of the 
wind pressure coefficient; and 𝑏 is a location variable which ranges from 0 to 𝑏𝑖𝑗.  




























𝑑𝑏            (4.5b) 
where 𝐶𝑝𝑥
′ = 𝐶𝑝𝑥/𝑑𝛼 and  𝐶𝑝𝑦
′ = 𝐶𝑝𝑦/𝑑𝛼.  
4.3.2. Wind Pressure Distribution on Bridge Deck Section 
In order to obtain accurate buffeting responses of the bridge, especially the local stresses and 
strains which are prone to cause local fatigue damage, it is necessary to obtain an accurate spatial 
distribution of wind pressures on the surface of the bridge deck. There are generally two 
approaches: wind tunnel tests and numerical simulations using CFD. The wind tunnel test 
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approach is based on many pressure sensors installed on the surface of the bridge deck model to 
record the wind pressures. Compared to the wind tunnel test, the CFD simulation is much less 
expensive and less time consuming, which is adopted here. The CFD commercial software ANSYS 
FLUENT 18.0 was employed, and the unsteady SST k-ω turbulence model was used. A 2D 
computational domain with 12.0 m in the longitudinal direction and 8.0 m in the vertical direction 
was determined, in which the scale of the bridge deck model was 1:50. The height from the center 
of the wall-adjacent cell to the wall of the bridge deck model is 0.0001 m, and the total number of 
cells was 450, 200, of which the mesh was fine enough for the present simulation. The numerical 
simulation of flow at a Reynolds number of 2.1 × 106 with an incoming wind velocity of 10 m/s 
was conducted. The values of y+ around the bridge deck model were in the range of 1.0 ~ 1.5. 
When choosing the discretization schemes for the governing equations, the SIMPLEC algorithm 
was applied to the pressure-velocity coupling, the second-order interpolation scheme was used for 
pressure, the second order upwind scheme was adopted for the moment and turbulence properties, 
and the second-order implicit scheme was used for the unsteady term. The values set for the inlet 
boundary were used to initialize the flow field, and the scaled residuals for all variables were set 
to be 10−6. After the calculation was stabilized using the steady solution method, the unsteady 
solution method was adopted, of which the time-step size was determined to be 0.005 s after 
several optimization trials. A total of 50 s was calculated to obtain the converged results, and the 
statistics of the last 20 s were sampled for flow analysis. 
Based on the above numerical simulation, the distribution of wind-induced pressure on the 
surface of the deck section can be obtained and it is shown in Fig. 4.3. The distributed pressure 
coefficients of a total of 38 key points (shown in Fig. 4.4) on the deck section have been calculated 
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as listed in Table 4.1. It is assumed that each section of the bridge deck has the same pressure 
coefficients distribution. 
 
Fig. 4.3. Pressure distribution on bridge deck section 





Cp(-3°) Cp(0°) Cp(3°) Cp(-3°) Cp(0°) Cp(3°) 
1 -0.259 -0.237 -0.209 20 0.028 0.011 -0.006 
2 -0.265 -0.239 -0.209 21 0.027 0.012 -0.002 
3 -0.287 -0.256 -0.219 22 0.025 0.012 0.0004 
4 -0.307 -0.272 -0.232 23 0.022 0.012 0.002 
5 -0.336 -0.297 -0.252 24 0.019 0.011 0.003 
6 -0.458 -0.409 -0.352 25 0.015 0.009 0.003 
7 -0.632 -0.585 -0.521 26 0.009 0.005 0.001 
8 -0.929 -0.927 -0.886 27 -0.001 -0.002 -0.004 
9 -0.315 -0.167 -0.077 28 -0.020 -0.018 -0.018 
10 0.652 0.705 0.739 29 -0.140 -0.129 -0.120 
11 -0.407 -0.523 -0.653 30 -0.028 -0.023 -0.021 
12 -0.194 -0.309 -0.423 31 -0.191 -0.194 -0.192 
13 -0.037 -0.111 -0.192 32 -0.850 -0.889 -0.908 
14 0.003 -0.050 -0.109 33 -0.498 -0.507 -0.505 
15 0.019 -0.022 -0.067 34 -0.385 -0.383 -0.374 
16 0.0259 -0.008 -0.044 35 -0.298 -0.288 -0.272 
17 0.028 -0.001 -0.030 36 -0.279 -0.267 -0.248 
18 0.029 0.004 -0.020 37 -0.267 -0.252 -0.232 




Fig. 4.4. Layout of pressure points 
4.3.3. Simulation of Wind Turbulence 
In order to carry out the buffeting responses analysis, it is necessary to obtain the time histories 
of the fluctuating wind velocity in both the horizontal and vertical directions at various points 
along the bridge deck. The spectral representation method is widely used today for the simulation 
of the stochastic processes (Shinozuka and Deodatis 1991, Hu and Schiehlen 1997, Li et al. 2004). 
Since the measurement of the wind velocity field data is not available, the spectral representation 
method is adopted here to simulate the stochastic turbulent wind field based on the probabilistic 
characteristics of turbulent wind. 
For a one-dimensional multivariate Gaussian process with zero mean, the cross spectral density 


























                                           (4.6) 
𝐒0(𝜔) can also decomposed as: 
𝐒0(𝜔) = 𝐇(𝜔)𝐇T∗(𝜔)                                                           (4.7) 
in which 𝐇(𝜔) is the lower triangular matrix and 𝐇T∗(𝜔) is the complex conjugate transposed 
matrix of 𝐇(𝜔). 
The 𝐇(𝜔) can be expressed in the following form: 
11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

















]                                       (4.8) 
in which the diagonal elements are real and nonnegative functions and the off-diagonal elements 
are complex functions. 
The off-diagonal functions can be represented as follows: 
𝐻𝑗𝑚(𝜔) = |𝐻𝑗𝑚






}                                              (4.10) 
The samples of the stochastic process can be simulated as follows: 




𝑚=1              (4.11) 
in which 𝑗 = 1, 2, …, n, n is the number of the simulated points; 𝑁 is the number of frequency 
intervals; ∆𝜔  is the frequency intervals; 𝜙𝑚𝑙  are a set of independent random phrase angles 
uniformly distributed between 0 and 2𝜋; and 𝜔𝑚𝑙 is the double-indexing of the frequency. 
A total of 270 points along the bridge with an interval of 3 m are simulated in the turbulent 
wind field. The elevation of the bridge deck is about 130 m. According to the bridge design code, 
the average wind velocity at the deck level is taken as 36 m/s, and the wind field type is Type C. 
The main parameters of the simulated turbulent wind field are listed in Table 4.2. Fig. 4.5 shows 
the turbulence velocity time-histories in the horizontal and vertical directions at the mid-span of 










Table 4.2. Parameters of turbulent wind field 
Parameter Value 
Number of points 270 
Interval of points 3m 
Time interval 0.25s 
Frequency interval 0.00391Hz 
Cut-off frequency 8π rad/s 
Target spectrum Karman 
 
              
(a)                                                                        (b) 
Fig. 4.5. Turbulence velocity time-histories at mid-span: (a) horizontal direction; (b) vertical 
direction  
4.4. Results of Buffeting Analysis 
4.4.1. Displacements Responses 
Fig. 4.6, 4.7 and 4.8 show the vertical, lateral, and torsional displacements at mid-span and 
quarter-span, respectively. It can be found that the vertical displacements of the center of the top 
plate (Node 20) and the center of the bottom plate (Node 1) of the steel box girder are almost the 
same. The lateral displacements of the windward (Node 10) and the leeward (Node 30) of the box 
girder are also the same. For the torsional displacement, the windward (Node 10) is much larger 
































Fig. 4.8. Torsional displacement of bridge deck 
4.4.2. Stress Responses 
Fig. 4.9 shows the maximum stress values on each deck section along the span length. It can 
be found that the stress peaks are exactly at the connection sections of the suspension cables and 
the bridge deck. There is also very large stress at the connection sections of the bridge deck and 
the bridge towers. This is mainly because of the large negative moments at these locations where 
the degrees of freedom the deck are highly restricted (only allow displacement in the direction of 
the bridge longitudinal axis). The maximum stress value of the whole span length occurs at the 
right edge section, which is 30.7MPa. The maximum stress distributions of three typical deck 
sections, namely the left end section, the mid-span section, and the right end section (defined as 
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section I, J, and K respectively as shown in Fig. 4.9), are shown in Fig. 4.10.  In general, the 
maximum stress values of each section are typically at the fairing and the edge of the top plate of 
the box girder. For the end sections (Sections I & K), the stress values of the leeward are larger 
than that of the windward of the box girder, which is not obvious for the mid-span section (Section 
J). The maximum stress values of the edge sections are at the leeward edge of the top plate. The 
comparison of the stress values of all pressure points of the three sections is shown in Fig. 4.11. It 
can be found that, for the mid-span section (Section J), the stress distributions of the windward 
and the leeward are quite symmetric. The minimum stress of the mid-span section is at the center 
of the top plate. It is also found that, for both the top and the bottom plates of the mid-span section, 
the stress value increases from the center to the edge. 
 








(a) Section I 
 
(b) Section J 
 
(c) Section K 
Fig. 4.10. Maximum stress distribution of typical sections   
 
 
Fig. 4.11. Comparison of stress values on different sections 
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4.5. Fatigue Analysis  
4.5.1. Fatigue Damage Model 
The S-N curve, which is usually obtained by the cycling test specimens at constant amplitude 
stress, is one of the most classical methods for fatigue life prediction. According to the S-N curve, 
the relationship of the number of cycles to failure, N, and the stress range, S, can be expressed as: 
𝑁𝑆𝑚 = 𝐶                                                                          (4.12) 
in which 𝐶  is a constant for a given material and detail and the exponent 𝑚  is the material 
parameter typically ranging from 2 to 4 (Byers et al. 1997). 
The stress range, S, is the algebraic difference of the maximum stress, 𝜎𝑚𝑎𝑥, and the minimum 
stress, 𝜎𝑚𝑖𝑛, in a typical stress cycle: 
𝑆 = 𝜎𝑚𝑎𝑥 −⁡𝜎𝑚𝑖𝑛                                                                 (4.13) 
The Miner’s rule is the most commonly used for fatigue analysis of steel structures. According 






𝑖=1                                                                       (4.14) 
where  𝑛𝑖 is the number of stress cycles of the ith stress range and 𝑁𝑖 is the number of stress cycles 
to failure of the structure at the ith stress range; 𝐷 is the damage variable ranging between 0 and 
1. Structural failure typically occurs if  𝐷 equals to 1. 
4.5.2. Turbulence Intensity Effects on Buffeting-induced Fatigue Damage 
It is well known that buffeting can occur within a wide range of wind velocities and can last 
for almost the entire period of the design life of the bridge. To accurately predict the buffeting-
induced fatigue damage, it is necessary to take into account of the distribution of wind velocity 
and direction at the deck level of the bridge over the design life. Considering that the wind data 
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record at the site of the Taihong Bridge is not available and the emphasis of this study focuses on 
a relative parametric study of the turbulence intensity effects on buffeting-induced fatigue, the 
statistical wind data at the site of a suspension bridge obtained by Xu et al. (2009), as shown in 
Table 4.3, is applied here as a reference. It should be noted that the wind direction is not taken into 
consideration here. 
The turbulence intensity is largely dependent on the terrain type. The turbulence intensity 
profile can be expressed as: 
𝐼(𝑧) = 𝑐(𝑧/10)−𝑑                                                           (4.15) 
in which 𝑧 is the height, 𝑐 and 𝑑 are the terrain dependent coefficients. 
ASCE 7 has described the turbulence intensity for rough/urban exposure (ASCE 7 Exposure 
B), open terrain with scattered obstructions (ASCE 7 Exposure C) and very flat terrain or facing 
shallow water bodies (ASCE 7 Exposure D). Turbulence intensity profiles in ASCE 7 versus 
IEC61400-1 are shown in Fig. 4.12. Considering that the Taihong bridge is located in the mountain 
area with complex terrain and the turbulence intensity may vary significantly, three cases of wind 
field with turbulence intensities of 10% (Case Ⅰ), 15% (Case Ⅱ), and 25% (Case Ⅲ), respectively, 
are simulated and applied for buffeting analysis. 
Table 4.3. Relative frequency of hourly mean wind velocity (Xu et al. 2009) 
Wind velocity (m/s) Relative frequency (%) Wind velocity (m/s) Relative frequency (%) 
0-2 2.564 16-18 0.956 
2-4 22.260 18-20 0.496 
4-6 29.937 20-22 0.283 
6-8 26.397 22-24 0.157 
8-10 9.699 24-26 0.071 
10-12 3.722 26-28 0.020 
12-14 2.013 28-30 0.005 





Fig. 4.12. Comparison of turbulence intensity profiles (ASCE/AWEA RP2011) 
 
By comparing the maximum values and the standard deviations of all stress time histories in 
previous stress response results, Section K (i.e. the section at the right tower) of the bridge deck is 
identified the most critical section, and Node 29 on Section K is chosen to be representative of the 
most critical stress point for the following fatigue analysis. After obtaining the time history of the 
critical stress, the rain-flow counting method developed by Downing (1982) is applied to count 
the number of cycles of variable-amplitude stress ranges. Fig. 13 shows the daily record of the 
stress range cycles of all three cases. It can be found that the buffeting-induced stress cycles are 
distributed in the stress range from 0 to 12 MPa, and most of the stress range cycles are within the 
range from 0 to 4 MPa. Only a small number of cycles occurred in the region from 4 MPa to 12 
MPa. The stress range with the largest number of cycles is 0~2 MPa for all three cases. This 
suggests that the bridge is subjected to a very large amount of relatively small stress cycles. It is 
also found that, as the turbulence intensity increases, the number of cycles within the stress range 
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from 0 to 2 MPa increases largely. Compared to Case Ⅰ, the growth rates are about 11% and 47% 
for Case Ⅱ and Case Ⅲ, respectively. The increase in the number of cycles may have a considerable 
impact on the accumulated fatigue damage.  
 
Fig. 4.13. Daily cycles of stress range 
The buffeting-induced fatigue damage to the bridge deck for a wind return period of 120 years 
is calculated using Miner’s rule, and the results of the three cases are shown in Table 4. It is found 
that the fatigue damage increases significantly with the increase of the turbulence intensity. The 
accumulated fatigue damage of the Taihong Bridge at the end of the design life of 120 years 
increases about 63% as the turbulence intensity increases from 10% to 25%, which indicates that 
the turbulence intensity does have great impact on the buffeting-induced fatigue damage. The 
increase of damage is caused by the huge increase of the number of cycles in the dominant stress 
range. When traffic-induced fatigue is also considered (Zhang et al. 2012), the increase of fatigue 
damage may have more significant effects on the overall fatigue performance.  
Table 4.4. Fatigue damage at the end of 120 yeas 
Turbulence intensity I=10% I=15% I=25% 
Fatigue damage 0.1195 0.1533 0.1953 
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4.6. Concluding Remarks 
This paper has presented a stress level buffeting analysis of a long-span bridge under 
distributed wind load. Based on the obtained stress responses, the buffeting-induced fatigue 
damage of the bridge deck over the entire period of design life is calculated to investigate the 
effects of turbulence intensity on the accumulated fatigue damage. Based on the present study, the 
following conclusions can be obtained: 
(1) In general, the maximum stresses along the span occur on those sections which are at the 
connections of the suspension cables or towers with the bridge deck. For a specific deck 
section, the maximum stress values are typically at the fairing and the edge of the top plate 
of the box girder. 
(2) Most of the buffeting-induced stress cycles are at the region of small stress range and only 
a very small amount of cycles has a stress range of more than 6 MPa. As the turbulence 
intensity increases, the number of the cycle of the dominant small stress range increases 
largely, while the numbers of other stress ranges have no obvious increase, some even 
decrease slightly.  
(3) The turbulence intensity has a strengthening effect on the buffeting-induced fatigue 
damage of long-span bridges. As the turbulence intensity increases, the accumulated 
fatigue damage increases accordingly.    
(4) Though the turbulence intensity has great impact on the buffeting-induced fatigue damage, 
the accumulated fatigue damage of the Taihong Bridge at the end of a design life of 120 
years is 0.1953 at a relatively large wind turbulence intensity of 25%, which means that 
the purely buffeting-induced fatigue damage will not cause a fatigue failure of the bridge. 
However, it should be noted that, besides the wind load, other loads such as vehicle loads 
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can also cause fatigue damage of the bridge girder. To obtain the proper fatigue damage of 
long-span bridges, it is necessary to consider the combined effects of all types of fatigue 
loads. 
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CHAPTER 5. REVIEW OF WIND-INDUCED VIBRATION CONTROL   
OF LONG-SPAN BRIDGES 
5.1. Introduction  
A number of researchers have been focused on wind-induced vibration control of bridges in 
the past several decades and fruit achievements have been made. The mechanism of different types 
of wind-induced vibrations are investigated and corresponding various control countermeasures 
are put forward and implemented. Wind tunnel tests and numerical calculation with experimentally 
obtained parameters are commonly used wind resistance design methods. Typically, scaled-down 
bridge models are tested in wind tunnels for two purposes. First is to observe the aerodynamic 
behavior and then to develop some experimentally based countermeasures. Second is to measure 
some aerodynamic coefficients, such as flutter derivatives and static force coefficients, in order to 
establish reasonable analytical models for the entire bridge system (Tsiatas and Sarkar 1988, 
Scanlan and Jones 1990, Namini et al. 1992). Recent analytical methods are capable of estimating 
critical flutter velocities, buffeting responses and vortex shedding responses. This chapter reviews 
the state-of-the-art of wind-induced vibration control of long-span bridges with an emphasis on 
important research, developments and applications. Different types of vibrations are described and 
different control strategies are summarized in detail. The implementation of structural, 
aerodynamic, and mechanical control countermeasures for different structural components in long-
span bridges are introduced. 
5.2. Structural Vibration Control in General 
5.2.1. Control Strategies 
In structural engineering, one of the constant challenges has been to find new means to protect 
structures and their occupants and contents. The concept of using structural control for this purpose 
can be traced back to the early 70’s (Yao 1972).  Since then, much progress has been made toward 
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offering attractive approaches to protecting structures against natural hazards such as strong 
earthquakes and high winds (Spencer et al. 1994, Housner et al. 1997). Knowledge gained from 
extensive analytical and experimental research on structural control has paved the way for the 
development of four types of control strategies: passive, active, hybrid, and semi-active.  
In a passive control strategy, including base isolation, viscous and viscoelastic dampers, and 
tuned mass dampers and so on, no external control forces are applied to the structure. The control 
device is pre-designed based on available information and theory, and cannot be adapted to the 
changes of structural systems and loading conditions even when the assumptions made in the 
design process become invalid. An active control system applies active control forces to the 
structures in a prescribed manner; an external power source is needed for such a system. In an 
active feedforward/feedback control system, the signal sent to actuators is a function of the 
excitation or response of the system measured with physical sensors (Adhikari and Yamaguchi 
1994). Active structural vibration control has turned out to be an effective means to reduce building 
vibration under strong winds and moderate earthquake excitations (Spencer and Sain 1997). 
Recent advancement in digital signal processing (DSP) and sensor and actuator technologies have 
prompted more interests in active vibration controls (Preumont 2002, Casciati et al. 2003). In a 
hybrid control set-up, both active and passive devices are used (Feng and Shinozuka 1990). Hybrid 
control schemes can sometimes alleviate some of the limitations that exist for either a passive or 
active control acting alone, thus leading to an improved solution. In a semi-active control 
mechanism, a small amount of energy is required to activate the control system (Walsh and 
Lamancusa 1992). A semi-active control system can also be defined as a controllable passive 
device. While semi-active controls are attractive, they have limitations in providing desired control 
forces. A semi-active control algorithm has to be developed for the semi-active control devices to 
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achieve the designed optimal active control force on the basis of active control algorithms. 
Compared to passive TMDs, besides the high cost, long-term reliability and maintenance are 
challenging issues for active TMDs system. A number of control devices for each control category 
are summarized in Table 5.1. 
Table 5.1. Control devices of different strategies 
Control category Control device 
Passive control 
Base isolation, Visco-elastic dampers, Tuned mass dampers (TMD), 
Tuned liquid dampers (TLD), Metallic yield dampers, Friction dampers 
Active control 
Active tuned mass dampers (ATMD), Active tendon systems, 
Actuators/controllers 
Hybrid control 
Base isolation & ATMD, 
Visco-elastic dampers & ATMD 
Semi-active control 
Electro-rheological/magneto- rheological dampers, 
Fluid viscous dampers, Friction dampers, 
TMDs and TLDs 
 
5.2.2. Control Algorithms for Active Control System 
Developing suitable active control algorithms, which are practically implementable and can 
fully utilize the potential advantages of the control systems, is an important and challenging issue 
for active control systems. Several algorithms have been proposed and implemented for active 
control in civil engineering structures. All these control algorithms can be broadly divided into 
two groups. One is model-based control, which includes optimal control algorithms, Lyapunov 
function algorithm, stochastic control algorithm, and robust control algorithm (Stengel 1986, Lim 
et al. 2003). The other is non-model based control, such as intelligent control algorithm (fuzzy 
logic, neural network, genetic algorithm et al.) (Schurter and Roschke 2001, Ahlawat and 
Ramaswamy 2004, Wongprasert and Symans 2004) and adaptive control algorithm (Burdisso et 
al. 1994, Nishiumi and Watton 1997). Most of the previously mentioned model-based control 
algorithms are feedback-based and therefore require an accurate model of the structural system. 
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Although significant progress has been made toward the practical implementation of control 
systems in civil engineering, there is still an acute need for control schemes that are tolerant of 
uncertainties in the model of the structure system. Non-model based control algorithms exhibit 
potential superiorities for applications to civil engineering. Although non-model based intelligent 
control algorithms can deal with the uncertainties of real-world problems, off-line and/or on-line 
training for the intelligent control algorithms is needed based on known knowledge and experience 
of the vibration control system. This required training information is generally not available for a 
specific structure. Adaptive control algorithms, which have been successfully implemented in 
acoustics, electrical, aerospace, and mechanical engineering, do not require an accurate model of 
the system. One such control methodology is the adaptive feedforward control algorithm (Burdisso 
et al. 1994). Though the major restriction to the application of feedforward adaptive filtering is the 
accessibility of a reference signal correlated with the disturbance, the adaptive feedforward control 
algorithm overcomes these uncertainties of structural systems and can tolerate variations of 
structural dynamic properties through using adaptive filters. This is a very important feature since 
an accurate prediction of bridge aerodynamic behavior in extreme wind conditions is almost 
impossible due to many uncertainties (including both the structure itself and the wind loading) in 
complicated environments. An adaptive feedforward active control algorithm for wind-induced 
vibration control of bridges has not yet been explored. 
5.3. Wind-induced Vibration Control Strategies of Bridges 
Control strategies for wind-induced vibration of long-span bridges can be classified as 
structural (passive), aerodynamic (passive or active), or mechanical (passive or active) 
countermeasures. Passive structural countermeasure aims at increasing the stiffness of structures 
by increasing member size, adding additional members, or changing the arrangement of structural 
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members. Passive aerodynamic countermeasures focus on selecting/improving bridge deck shapes 
and details to satisfy aerodynamic behaviors. Examples are using shallow sections, closed sections, 
edge streamlining, slot cutting, and other minor or subtle changes to the cross-section geometry. 
The aerodynamic countermeasures are usually much more efficient than the structural 
strengthening.  However, these passive aerodynamic countermeasures are not adequate any more 
for ultra-long span bridges and in extreme high winds, such as hurricanes. Active aerodynamic 
countermeasures use adjustable control surfaces for increasing critical flutter wind velocity 
(Ostenfeld and Larsen 1992, Predikman and Mook 1997, Wilde and Fujino 1998). By adjusting 
the rotation of these control surfaces to a predetermined angle, stabilizing aerodynamic forces are 
generated. One of its disadvantages is that the control efficiency is sensitive to the rotation angles. 
A wrong direction of rotation due to either the failure of control system or inaccurate theoretical 
predictions may have detrimental effects on the bridge. Again, predicting bridge performance 
under hurricane wind condition and designing a reliable control mechanism is still extremely 
difficult, if not impossible.  
Usually the aerodynamic countermeasures are practically difficult to be implemented after the 
bridge is completed. What’s more, as the span-length becomes longer and longer, both the 
structural and aerodynamic countermeasures may not satisfy the stability requirements any more. 
In such circumstances, mechanical countermeasures play an important role in wind-induced 
vibration control. Mechanical countermeasures focus mainly on the flutter and buffeting controls 
with passive devices, such as the tuned mass damper (TMD). A TMD consists of a spring, a damper, 
and a mass. It is easy to design and install and has been used in the vibration control of buildings 
and bridges, such as the Citicorp Center in New York, the John Hancock tower in Boston, the 
Normandy Bridge in France, and the Nanjing TV Tower in China. In a typical passive TMD system, 
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the natural frequency of the TMD is tuned to a pre-determined so-called optimal frequency that is 
dependent on the dynamic characteristics of the structural system and wind characteristics (Gu et 
al. 1998, Gu and Xiang 1992). It is found that supplemental damping provided through appropriate 
external dampers could certainly increase the flutter stability and reduce the buffeting response of 
long-span bridges. TMDs have been proven effective in raising the critical flutter wind speed (Gu 
et al. 1998, Pourzeynali and Datta 2002). 
5.4. Wind-induced Vibration Control of Long-span Bridges 
5.4.1. Vibration Control of Girders 
For bridge girders, buffeting and flutter are the main categories of wind effects. While flutter 
may result in dynamic instability and even collapse of the entire structure, large buffeting 
amplitudes along with vehicle-induced vibration may cause serious fatigue damage to structural 
members or noticeable serviceability problems. It is well known that the aerodynamic performance 
of long-span bridges is very sensitive to the cross-section configuration of bridge deck. The very 
first step considering vibration control of girders in long-span bridges design is the choice of an 
appropriate type of girder. It is generally recognized that non-streamlined and large width-to-depth 
ratio girders are prone to resulting in flutter. Engineering countermeasure usually adopted is either 
streamlining the girder using a box section such as the Seven Bridge and the Humber Bridge or 
using stiffened truss girders such as the New Tacoma Narrow Bridge, the Mackinac Bridge, and 
the Verrazano Narrows (Fujino and Siringoringo 2013). The concept of “buffeting-based selection” 
for selecting a deck cross-section shape with good aerodynamic performance was proposed by Gu 
et al. (Gu et al. 1999), which is proven convenient and precise enough for the preliminary design 
for long-span bridges.  
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With the world’s longest span length of 1991m, central vertical stabilizer and open grating 
(center and both sides of girder) are adopted on the Akashi-Kaikyo Bridge for flutter stabilization 
(Miyata and Yamaguchi 1993). It is proven that these are very effective countermeasures for 
aerodynamic stability. The aerodynamic characteristics of slotted box girders are investigated and 
it is found that central slot is favorable for flutter stability (Sato et al. 2000). Besides these, fairings, 
splitter plates, deflectors, wind flaps, horizontal plates, guide vanes and so on are widely used 
effective aerodynamic appendages. Commonly adopted aerodynamic countermeasures for 
different types of wind-induced vibration and corresponding applications are summarized in Table 
5.2. Typical aerodynamic appendages and modifications for bridge girders are shown in Figure 
5.1. It can be found that these aerodynamic countermeasures can be effective in mitigating wind-
induced vibration. However, the cost can be high and it may be inconvenient for inspection and 
expensive for maintenance in the long run. In addition, it should be noted that the effectiveness of 
the countermeasures for vibration control in one specific case cannot be guaranteed in another case 
owing to the complex wind-structure interaction. Usually the effectiveness should be verified 
through wind tunnel tests and/or numerical analysis. A number of active aerodynamic 
countermeasures such as control wings, active flaps, and active additional control surfaces have 
also been studied for increasing the critical wind velocity (Kobayashi and Nagaoka 1992, Hansen 









Table 5.2. Aerodynamic countermeasures and applications for bridge girder 
Vibration type Girder type Aerodynamic countermeasures Applications 
Galloping Box 







Fairings, Baffles, Guide vanes, 
Flaps, Spoilers, Deflectors 















Fig. 5.1. Typical aerodynamic countermeasures for bridge girder (Fujino and Siringoringo 2013) 
Mechanical countermeasures by installing control devices such as tuned mass damper (TMD) 
and tuned liquid damper (TLD) have been widely used for wind-induced vibration control in recent 
years, most of which are passive devices. There have been a number of theoretical and 
experimental studies on the effects of TMDs on wind-induced vibrations, including vortex-induced 
99 
 
vibration, buffeting and flutter. Larsen (1993) studied the effectiveness of TMD for suppressing 
the vortex-induced vibration of long-span bridges. Gu et al. (1994) developed a practical method 
of passive TMD for suppressing wind-induced vertical buffeting for long-span cable-stayed 
bridges and proved its effectiveness using an application. Gu et al. (1998) and Pourzeynali et al. 
(2002) also found that TMD can be used for improving the flutter stability of bridges. It is 
demonstrated that the TMD can suppress excessive wind-induced vibrations effectively and 
increase the critical flutter wind velocity significantly. Due to the fact that the vibration frequencies 
and damping of bridges vary greatly with the change of wind velocity, the multiple tuned mass 
damper (MTMD) system is extended for better buffeting and flutter control of long-span bridges 
(Lin et al. 1999, Gu et al. 2001). The control efficiency of the MTMD system is sensitive to the 
frequency characteristics of the MTMD, namely the central frequency ratio and the frequency 
bandwidth ratio (Gu 2007). Instead of traditional single-mode-based mode-by mode vibration 
control, Chen et al. (2003) proposed a “three-row” TMD strategy for multi-mode coupled 
vibrations of long-span bridges. Extensive studies also have been done on the effectiveness and 
applications of using tuned liquid column damper (TLCD) for mitigating wind-induced vibrations 
of bridges by Sakai et al. (1991) and Xue et al. (2002). It was demonstrated that the TLCD is an 
effective device for both reducing buffeting response and improving flutter stability.  
It is well known that the effectiveness of the TMD is very sensitive to the frequency ratio of 
the bridge and the TMD. However, the dynamic characteristics of a bridge, such as natural 
frequencies, may vary due to the change of temperature, effect of traffic load, effect of self-excited 
component of wind forces, nonlinear effects, and possible deterioration or damage of the bridge. 
Many of these factors cannot be predicted or quantified and the associated uncertainties may be 
significant (Aktan et al. 1998). In the case of the Normandy Bridge, the margin of error between 
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the predictions and measurements is as large as 350% (Conti et al. 1996). Therefore, the 
predetermined optimal parameters may not be optimal at all for bridges under complicated 
environmental conditions. This requires the TMD to be adaptive to the environmental changes that 
can be monitored through field instrumentations. In such circumstances, semi-active TMD or 
active TMD has stood out as a new alternative. In general, when compared to passive control, 
active and semi-active control methods can be expected to have superior vibration control 
efficiency as they can provide appropriate control forces directly on structures according to real 
time feedback. In light of this, a number of semi-active/active control mechanisms for wind-
induced vibrations of bridges have been achieved. Gu et al. (2002) proposed a semi-active TMD 
with adjustable frequency and corresponding control strategy for wind-induced vibration control 
of long-span bridges. The application on Yichang Bridge shows that the semi-active TMD has 
superior control efficiency and robustness when compared with the passive TMD. The pressurized 
tuned liquid column damper (PTLCD) is a development of TLCD by implementing a static 
pressure inside two sealed air chambers at two ends of a TLCD. PTLCD has superior performance 
for suppressing wind-induced multi-modes vibrations of long-span cable-stayed bridges due to its 
adjustable natural frequency by changing the length of the liquid column and/or the pressure inside 
its two air chambers (Kagawa 1989). To further improve the robustness and effectiveness of 
PTLCD for vibration control, the performance of multiple pressurized tuned liquid column damper 
(MPTLCD) was investigated by Shum et al. (2008). The results show that the MPTLCD not only 
provides superior flexibility for choosing liquid column length but also significantly reduces multi-
mode lateral and torsional vibrations of long-span cable-stayed bridges under wind excitation. Heo 
and Joonryong (2014) conducted an experimental study on wind-induced vibration control of 
cable-stayed bridges using a semi-active control method based on a shear-type MR damper. Based 
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on the results, this semi-active control method is superior to the passive control methods. Wen and 
Sun (2015) investigated a control strategy to suppress the multi-mode buffeting response of large 
cable-stayed bridges under construction by using distributed ATMDs. 
5.4.2. Vibration Control of Pylons 
Aside from bridge girders, tall and slender pylons are also susceptible to wind excitation. It is 
well known that pylons of cable-stayed bridges with low transverse girder are prone to gallop. The 
occurrences of vortex-induced vibration of long-span bridge pylons are also commonly observed, 
especially during construction. Pylons are usually much more vulnerable to wind load when in the 
free standing stage during erection (Fujino 2002). Excessive vibration during construction period 
may result in the concern of workers and delay of construction process. Hence, it is necessary to 
adopt some control countermeasures to assure construction quality. Aerodynamic countermeasures 
such as corner cut or adding arch-shaped deflector, cover plate, and faring plates are commonly 
used to suppress wind-induced vibrations of bridge pylons. In recent years, mechanical 
countermeasures such as installing TMD/TLD become popular. A number of applications of 
passive control devices can be found on long-span bridges, including viscous dampers (Yokohama 
Bay Bridge), TMD (Meiko Bridge), and TLD (Higashi Kobe Bridge). However, as the natural 
frequency of the pylon varies greatly with the change of the height during erection, dampers with 
adjustable frequencies are required. To overcome the inefficiency of passive dampers which are 
only effective for a small band of frequencies, active mass dampers (AMD) and hybrid mass 
dampers (HMD) have been developed and applied on many long-span bridge pylons. The first 
application of the active mass damper for pylons is on the Rainbow Suspension Bridge in Tokyo 
in 1991 (Fujino and Siringoringo 2013). The excellent control performance of the AMD was 
demonstrated in this application. In the following years, a number of long-span bridges, such as 
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the Meikoh-Central Bridge and the Hakucho Bridge, was installed active mass dampers to resist 
wind-induced oscillation of bridge pylons. The vibration control of pylons of the Akashi Kaikyo 
Bridge in Japan is an application of the hybrid mass dampers (HMD). A HMD is a combination 
of a passive TMD and an active actuator/controller. The natural motion of the passive TMD can 
be utilized to reduce structural responses and the active actuator/controller is used to increase the 
efficiency of the control system and the robustness of the structure by providing external forces 
directly. Figure 5.2 shows the mechanical vibration control devices installed on the tower of 
Akashi Kaikyo Bridge. It can be found that both TMD and HMD are adopted. The HMD is mainly 
used during construction while the TMD is in use both during construction and after completion 
(Fujino and Siringoringo 2013). 
 
Fig. 5.2. TMD and HMD on Akashi Kaikyo Bridge tower (Fujino and Siringoringo 2013) 
 
5.4.3. Vibration Control of Cables 
Bridge cables, including the main cable of suspension bridges, stay cables of cable-stayed 
bridges and hangers, are prone to vibrate under wind excitation due to their small mass, low 
structural damping and high flexibility. Excessive vibration of cables may cause fatigue issue, the 
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damage of the anchorage and even the breakdown of cables, which is detrimental to the long-term 
safety and serviceability of bridges. Bridge cables may suffer from various types of wind-induced 
vibrations including rain-and-wind-induced vibration, galloping and vortex-induced vibration. The 
rain-and-wind-induced vibration (RWIV) is a main problem of stay cables of cable-stayed bridges. 
RWIV (Bosdogianni and Olivari 1996, Gu and Du 2005) occurs only under rains and certain wind 
velocity range and the vibration amplitude can reach up to ten times of the cable diameter. RWIV 
has been observed in many cable-stayed bridges all over the world, such as the Meiko-Nishi Bridge 
in Japan, the Yangpu Bridge in China and the Oresund Bridge in Denmark (Fujino and 
Siringoringo 2013). For RWIV, aerodynamic countermeasures, which aim at increasing the 
roughness of the cable surface by whirling a helical wire on the surface, adding dimples to the 
surface, or using axially protuberated surface, were proposed and implemented on a number of 
cable-stayed bridges. However, these aerodynamic countermeasures have limited control 
efficiency at high wind velocities and are difficult for retrofit.  
Mechanical countermeasure by installing supplemental passive dampers near the cable 
anchorage has been widely recognized as an effective method for suppressing the harmful 
vibration of bridge cables. Passive viscous dampers attached perpendicular to the cables have been 
widely implemented in many bridges, such as the Brotonne Bridge in France, the Sunshine Skyway 
Bridge in Florida, and the Aratsu Bridge in Japan (Main and Jones 2001, Wang et al. 2005).  
However, passive dampers can only be optimally tuned for one mode of vibration and cannot 
provide adequate damping for extreme long stay cables. To overcome this limitation, semi-active 
and active dampers have been studied and their control efficiency is found to be better than passive 
dampers (Johnson et al. 2007). Recently, the magneto-rheological (MR) dampers (Johnson et al. 
2000, Chen et al. 2003, 2004) have been taken more and more attention owing to their ability to 
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adjust the damping in real time and achieve superior control performance. MR dampers have been 
implemented on several long-span cable-stayed bridges in China, such as the Dongting Lake 
Bridge (Chen et al. 2004) and Shandong Binzhou Bridge (Li et al. 2007), and have been proven to 
be an effective and durable cable-vibration control countermeasure. Figure 5.3. shows the MR 
damper systems installed on Dongting Lake Bridge. 
 
Fig. 5.3. MR dampers on Dongting Lake Bridge (Chen et al. 2004) 
 
5.5. Conclusions and Future Outlook 
Wind-induced vibrations are usually one of the most critical in the design, construction and 
operating stages for long-span bridges. Through decades of research, fruitful achievements of 
wind-induced vibration control of long-span bridges have been made. This paper mainly reviews 
the state-of-the-art of wind-induced vibration control of long-span bridges with emphasis on 
important research, developments and applications. Recent advancements in digital signal 
processing (DSP) and sensor and actuator technologies have been applied on modern long-span 
bridges, which is really helpful for deepening the understanding of the mechanism of wind-induced 
vibrations of bridges. Despite of achievements, there are still challenges which require further 
studied. With the increase of span lengths, bridges under wind excitation exhibit complex 
aerodynamic behavior as the wind-structure interaction and nonlinear effects are becoming 
increasingly important. The vibration mechanisms behind this are not very clear right now and 
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need to be further investigated. What’s more, the performance of vibration control 
countermeasures still needs to be improved to prepare for ultra-long-span bridges in the future. 
While passive and semi-active control methods have been widely applied, the active control has 
rarely been implemented on real bridges due to the high cost and difficulty for maintenance. Future 
work is needed to develop more effective and economic vibration control strategies.   
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CHAPTER 6. PERFORMANCE OF A LEVER-TYPE TMD FOR WIND 
BUFFETING CONTROL OF LONG-SPAN BRIDGES 
6.1. Introduction  
As the rapid increase of the span length of modern bridges, random buffeting due to wind 
excitation has been a key problem of great concern. The vibration characteristics of long-span 
bridges under wind load are very complicated due to the complex wind characteristics. The 
vibration frequencies and damping of long-span bridges vary greatly with the wind velocity, which 
makes it more difficult for wind-induced vibration control. Significant buffeting random responses 
due to the wind turbulence can occur within a wide range of wind velocity. Hence, the buffeting 
control should be targeted throughout a range of vibration frequencies. 
Extensive research has been done towards mitigating excessive vibration of long-span bridges 
and multiple vibration control strategies have been put forward including structural, aerodynamic, 
and mechanical countermeasures. Among all of the control strategies, dynamic energy absorbers 
such as the tuned mass damper (TMD) and tuned liquid damper (TLD) have been proven to be an 
effective and promising device for wind-induced vibration control. There have been a number of 
theoretical and experimental studies on the effects of TMDs on wind-induced vibrations, including 
vortex-induced vibration, buffeting and flutter. Larsen (1993) studied the effectiveness of TMD 
for suppressing the vortex-induced vibration of long-span bridges. Gu et al. (1994) developed a 
practical method of passive TMD for suppressing wind-induced vertical buffeting for long-span 
cable-stayed bridges and proved its effectiveness using an application. Gu et al. (1998) and 
Pourzeynali et al. (2002) also found that TMD can be used for improving the flutter stability of 
bridges. The multiple tuned mass damper (MTMD) system was extended for better buffeting and 
flutter control of long-span bridges (Lin et al. 1999; Gu et al. 2001). Chen et al. (2003) proposed 
a “three-row” TMD strategy for multi-mode coupled vibrations of long-span bridges. Extensive 
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studies also have been done on the effectiveness and applications of using tuned liquid column 
damper (TLCD) for mitigating wind-induced vibrations of bridges by Sakai et al. (1991) and Xue 
et al. (2002). It was demonstrated that the TLCD is an effective device for both reducing buffeting 
response and improving flutter stability. 
In a typical passive TMD system, the natural frequency of the TMD is tuned to a pre-
determined so-called optimal frequency that is dependent on the dynamic characteristics of the 
structural system and wind characteristics (Gu and Xiang, 1992; Gu et al. 1998). However, long-
span bridges exhibit much more complex dynamic behavior under wind excitation, which is 
extremely hard to predict precisely in advance in complex wind environment. What’s more, the 
design life of long-span bridges is typically about 100 years. During the whole life time, the 
vibration frequencies of the bridge can change significantly. The changes depend on the nature of 
the bridge, the ambient conditions, and the possible deterioration or damage of the bridge, etc. 
Many of these factors cannot be predicted or quantified in advance and the associated uncertainties 
may be significant. According to Aktan et al. (1994), significant frequency shifts due to changes 
in ambient conditions have been measured for both concrete and steel bridges. Gentile and Saisi 
(2011) conducted ambient vibration tests (AVT) of a bridge to identify the dynamic characteristics 
and their variation over time considering both traffic loads and wind action. It is found that the 
natural frequencies exhibit variations under the service loads. The presence of damage or 
deterioration in a structure also leads to the change of the natural frequencies of the structure. For 
example, the existence of a crack at a section of the bridge girder can cause a reduction in the local 
bending stiffness at the cross-section, the consequence of which is a lowering of the values of the 
natural frequencies.  As a result, a beforehand designed optimal TMD, even if a MTMD system, 
may not be satisfactory for wind-induced vibration control. This requires an adjustable TMD 
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system which can be more robust and effective in complex wind environments. Gu et al. (2002) 
proposes a lever-type TMD system with adjustable frequency range for wind-induced vibration 
control of long-span bridges. For traditional hanging-type TMD, the static deformation of the TMD 
spring may be excessive and result in a nonlinear behavior. More importantly, the hanging-type 
TMD may not even be fitted into the available vertical space due to the excessive deformation of 
the spring. The lever-type TMD can deal with the large static stretch of the spring effectively. 
Moreover, the frequency of the lever-type TMD can be adjusted with the adjustment of the mass 
block position. Applications of the lever-type TMD in both semi-active control (Gu et al., 2002) 
and active control (Li, 2004) have been investigated. However, study on the passive lever-type 
TMD system is very rare. The robustness and the control performance of the lever-type TMD 
under the structural damage and the change of the wind environment have not been studied yet. 
In order to get a better understanding of the control performance of the passive lever-type TMD, 
buffeting analysis with the lever-type TMD system is conducted for a prototype long-span 
suspension bridge in the present study. The principle of the lever-type TMD system is 
schematically illustrated at first. Then, the efficiency of the lever-type TMD for buffeting control 
is investigated on the Taihong suspension bridge. The effects of the wind speed, the wind attack 
angle, and the stiffness reduction of the bridge girder on the control efficiency of the lever-type 
TMD have been studied, which leads to improve the effectiveness and robustness of the lever-type 
TMD. The analytical results also provide a guidance for further study of the design of semi-active 
wind-induced vibration control device based on the lever-type TMD.   
6.2. Lever-type TMD 
The proposed lever-type TMD, as shown in Fig. 6.1, consists of a rigid lever bar, a support, a 
movable mass controlled by a driving device, and an actuator along with other components, such 
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as damper 𝑐𝑇 and spring⁡𝑘𝑇, connected to a bridge represented by 𝑀𝑏, 𝐾𝑏 and⁡𝐶𝑏. It should be 
noted that the lever-type TMD system is only considered as an adjustable passive device in the 
present study. Adaptive feedback control using the actuator will be developed in future research. 
In the lever-type TMD system, the mass block can move along the horizontal rigid bar through the 
driving device, which will adjust the value of the frequency accordingly. The schematic diagram 
of the lever-type TMD system is shown in Fig. 6.2. 
 
Fig. 6.1. Lever-type TMD model 
 
Fig. 6.2. Schematic diagram of lever-type TMD system 
Using the moment equilibrium of the rigid bar about the support, the equation of motion can 











𝐶𝑇?̇?(𝑡) = 0      (6.1) 
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where 𝑢(𝑡) is the relative movement of the mass 𝑚𝑇 and 𝐿𝑐 is the distance from the damper to the 











KK Te           (6.2) 
According to Eq. (2), the mass block can move along the horizontal rigid bar to adjust the 
natural frequency of the control system by adjusting the equivalent stiffness Ke through adjusting 
the 𝐿′/𝐿 ratio, where 𝐿′ and 𝐿 are defined in Fig. 6.2. If the optimal frequency of the TMD at time 
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sLLLH  01                                                               (6.5) 
where H, L, L1, L0 and Ls are the total height, distance from the mass block to the support, height 
of the riser, original length of the spring, and the static stretch of the spring, respectively, as defined 
in Fig. 6.2. The riser is used to adjust the length of L1. 
Considering the vertical force equilibrium of the control system vibration shown in Fig. 6.2, 
and moment equilibrium about the horizontal axis through the support point, two equations are 
derived as: 
)]()([)()()()]()([ bTTsTTbTT tytyktftutymtytyc                                 (6.6)
LtuLtytykLtytycLtymLtyI )()]()([)]()([)(/)( bTTbTTTTTT                      (6.7) 
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where  =𝐿′/𝐿; 𝑦𝑏(𝑡) and 𝑦𝑇(𝑡) are the displacements of the bridge and the lever-type TMD with 
reference to the ground, respectively; fs(t) is the interaction force between the bridge and the 
support point of the lever-type TMD; IT is the mass moment of inertia of the lever-type TMD, and 
u(t) is the active control force. 
The resultant force Fa(t) acting on the bridge by the TMD is derived as: 
)()]()([)()()]()([)( TTbTTsbTT tymtytyktftutytyctFa                            (6.8) 
It can be seen from these equations that by adjusting the location of the mass block relative to 
the support, the natural frequency of the TMD system can be conveniently adjusted. Meanwhile, 
by changing the location of the resultant force Fa(t), the TMD system can be used to control vertical, 
torsional, or both vibrations of the bridge, which will be studied in future research. 
6.3. Prototype Bridge and Buffeting Analysis  
The Taihong Suspension Bridge with a main span of 808 m is chosen as an example here to 
investigate the efficiency of the lever-type TMD for buffeting control. The basic parameters of the 
Taihong Bridge are listed in Table 6.1. Modal analysis has been done to identify the mode 
frequencies and shapes of vibrations. The natural frequencies and corresponding mode shapes are 
summarized in Table 6.2. The vertical bending and torsional modes are usually the critical 
vibrations for buffeting control of long-span suspension bridges. It has been found that the 
frequencies of the first symmetric vertical bending and torsion of the Taihong Bridge are 0.183 Hz 







Table 6.1. Main parameters of Taihong Bridge 
Main span (m) 808 
Deck height (m) 3.0 
Deck width (m) 37.5 
Area (m2) 1.4922 
Equivalent density (kg/m3) 10883.26 
Vertical moment of inertia Izz (m4) 2.32 
Lateral moment of inertia Iyy (m4) 163.86 
Structural damping ratio 0.005 
 














1st symmetric lateral 
bending 
11 0.342 
1st antisymmetric lateral 
bending 
2 0.103 
Longitudinal floating of 
main girder 
12 0.352 Main cables vibration 
3 0.137 
1st antisymmetric vertical 
bending 
13 0.401 Main cables vibration 
4 0.183 
1st symmetric vertical 
bending 
14 0.403 
3rd antisymmetric vertical 
bending 
5 0.246 
2nd symmetric vertical 
bending 
15 0.447 Main cables vibration 
6 0.252 Main cables vibration 16 0.451 1st symmetric torsion 
7 0.260 Main cables vibration 17 0.452 
3rd symmetric vertical 
bending 
8 0.293 Main cables vibration 18 0.457 Main cables vibration 
9 0.298 
2nd antisymmetric vertical 
bending 
19 0.491 1st antisymmetric torsion 




(a) Vertical bending mode                                       (b) Torsional mode 
Fig. 6.3. Mode shapes of vibrations 
The governing equation of motion of the bridge deck can be expressed as: 
                                                       𝐌?̈? + 𝐂?̇? + 𝐊𝐪 = 𝐅b + 𝐅st                                              (6.9) 
where 𝐌, 𝐂, and 𝐊 are the mass, damping, and stiffness matrices, respectively; 𝐪, ?̇?, and ?̈? denote 
the nodal displacement, velocity, and acceleration vectors, respectively; 𝐅b and  𝐅st represent the 
turbulence-induced buffeting force and the static wind force, respectively. 
The static drag force, lift force and pitching moment acting on the bridge deck segment of unit 




𝜌𝑈2B𝐶𝐷(𝛼0)                                                      (6.10a) 
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𝜌𝑈2𝐵2𝐶𝑀(𝛼0)                                                   (6.10c) 
where ρ is the air density; U is the mean wind velocity; B is the bridge deck width; 𝐶𝐷, 𝐶𝐿, and 𝐶𝑀 
are the drag, lift, and pitching moment coefficients , respectively; 𝛼0 is the effective wind attack 
angle of the oncoming wind; 



































]                            (6.11c) 
where 𝐶𝐿
′ = 𝑑𝐶𝐿/𝑑𝛼, 𝐶𝐷
′ = 𝑑𝐶𝐷/𝑑𝛼, and 𝐶𝑀
′ = 𝑑𝐶𝑀/𝑑𝛼; 𝑢(𝑡) and 𝑤(𝑡) are the along-wind and 
vertical velocity fluctuations of the wind, respectively. 
The buffeting analysis of the Taihong Bridge is conducted through a 3D FE model with the 
commercial software package ANSYS. Fig. 6.4 shows the spectrum of vertical displacement, 
torsional displacement, and vertical acceleration of the mid-span. It can be found that the dominant 
vibration frequency of vertical displacement is 0.18 Hz, which is very close to the first symmetric 
vertical bending mode. For torsional displacement, the vibration is the coupling of several 
frequencies and the major frequency is 0.4 Hz. For the vertical acceleration, the dominant vibration 
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(c) 
Fig. 6.4. Spectral curves of buffeting responses 
It is well acknowledged that bridge buffeting rarely causes structural damage, but may cause 
drivers and passengers in moving vehicles feel uncomfortable due to excessive acceleration. The 
ISO 2631-1 standard (ISO 2631-1, 1997) has provided some guidance for the discomfort levels 
associated with the acceleration values which can be used for the evaluation of the passengers’ 
transport comfort, as shown in Table 6.3. The buffeting-induced acceleration response has always 
been a major concern for long-span bridges. The maximum peak accelerations at the mid-span of 
the Taihong Bridge at various wind speeds are shown in Table 6.4. It can be found that for the 
wind velocity of 35 m/s, the maximum peak acceleration may cause a little discomfort according 
to the ISO 2631-1 standard. As the wind velocity reaches to 50 m/s, the excessive acceleration 
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value can make people fairly uncomfortable. While this high wind velocity is most likely beyond 
the routine operation range and may not cause any concern of bridge users, control 
countermeasures are considered here, as demonstration, for suppressing excessive acceleration. 
Buffeting control studies with the proposed lever-type TMD are conducted in the following part. 
Table 6.3. Uncomfortable levels associated with acceleration values (ISO 2631-1, 1997) 
Acceleration value (m/s2) Discomfort category 
< 0.315 Not uncomfortable  
0.315-0.63 A little uncomfortable 
0.5-1 Fairly uncomfortable 
0.8-1.6 Uncomfortable 
1.25-2.5 Very uncomfortable 
> 2 Extremely uncomfortable 
 
Table 6.4. Maximum peak acceleration 
Wind velocity 
(m/s) 






6.4. Buffeting Control with Lever-type TMD 
Considering that the largest vertical displacement and acceleration are at the mid-span, the 
support of the lever-type TMD is chosen to be mounted at the middle of mid-span. As is well-
known, a larger TMD’s mass can achieve a better control efficiency. Typically, the total mass of 
the TMDs is determined based on a comprehensive consideration of the control objective and the 
available budget. The mass of the TMD is chosen as 1% of the total mass of the bridge here. 
According to a study of the optimal variables of the TMDs by Chen et al. (2003), the damping 
ratio of the TMDs is much less sensitive to the change of wind speed compared to other variables, 
which is not necessary to be adjusted in an adaptive control. Hence, the damping ratio of the lever-
type TMD is assumed to be constant. It is well known that the frequency ratio between the structure 
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and the TMD system is the dominant factor of the control efficiency for wind-induced vibration 
of long-span bridges. As is illustrated before, the frequency of the proposed lever-type TMD can 
be adjusted through the movement of the mass block. Thus, the optimal location of the mass block 
is one of the most important variables to be predesigned for a passive lever-type TMD system, the 
result of which can also provide guidance for the design of semi-active and active lever-type TMD 
systems. Form the previous analysis, it can be found that the major vibration frequencies of 
buffeting responses are 0.18Hz, 0.26 Hz, and 0.4 Hz. Hence, the frequency range of the lever-type 
TMD is predesigned from 0.1 Hz to 0.5 Hz and the specific frequency can be adjusted through 
changing the ratio of 𝐿 to 𝐿′. To determine the best location of the mass block in the lever-type 
system for buffeting control, a parametric study of the ratio of 𝐿 to 𝐿′ that targets on the major 
vibration frequencies is conducted. The ratios of 𝐿 to 𝐿′ and corresponding frequencies are shown 
in Table 6.5. 
Table 6.5. Cases of 𝐿′/𝐿 
𝐿′/𝐿 Frequency of TMD 
(Hz) 
Target frequency of bridge 
(Hz) 
Frequency ratio 
1/11 0.178 0.18 0.98 
1/7.6 0.258 0.26 0.99 
1/5 0.392 0.4 0.98 
 
The control efficiencies of the vertical displacement, the torsional displacement, and the 
vertical acceleration at the mid-span of bridge are compared in Table 6.6 (Under wind velocity of 
35 m/s and wind attack angle of 0°). It should be noted that the displacements here consist of the 
static and dynamic displacements together. It can be found that the maximum control efficiencies 
for the RMSs of vertical displacement, torsional displacement, and vertical acceleration are 9.3%, 
3.4%, and 34.3%, respectively. The control efficiency changes greatly with the change of the value 
of  𝐿′/𝐿. This is because the frequency of the lever-type TMD changes with the move of the mass 
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block. Therefore, the optimal frequency of the TMD can be adjusted accordingly to achieve the 
best control efficiency based on target response. It can be found that when 𝐿′/𝐿 equals to 1/11, the 
frequency of the TMD targets on the dominant frequency of the vertical displacement and the 
control frequency reaches the best for the vertical displacement. As the ratio of 𝐿 to 𝐿′ is adjusted 
to 1/7.6, the frequency of the TMD targets on the dominant frequency of the vertical acceleration 
and the control frequency reaches the best for the vertical acceleration. The control performance 
of the lever-type TMD coincides with the target responses and the target frequencies can be easily 
adjusted by changing the value of  𝐿′/𝐿. It should be noted that for the torsional displacement, the 
control performance is not obvious. This is because the control objective here is on the vertical 
responses and the TMD is mounted at the center of the mid-span, which has little effect on the 
torsional displacement. Considering that the torsional displacement is contributed by the coupling 
of several vibration modes, it may not be enough to only target one frequency. MTMD systems 
with multiple frequencies and eccentric locations should be considered for torsional response 
control. Since the major concern of the Taihong Bridge is the excessive acceleration due to 
buffeting, the control objective will mainly focus on the vertical acceleration. The effects of the 
wind velocity, wind attack angle, and stiffness reduction of bridge girder on the vertical 
acceleration control performance of the lever-type TMD are investigated here. 
Table. 6.6. Comparison of control efficiencies for buffeting responses  
𝐿′/𝐿 
Control efficiency (%) 
Vertical displacement Torsional displacement Vertical acceleration 
1/5 6.1 2.4 17.4 
1/7.6 9.1 3.2 34.3 
1/11 9.3 3.4 16.8 
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6.4.1. Effect of Wind Speed 
Buffeting is a kind of random forced vibration induced by the turbulence of airflow and can 
happen within a wide range of wind speeds. This requires the control system to be effective on 
buffeting vibration over a range of wind speeds. As the wind velocity increases, complex wind-
structure interaction may affect the control performance of the TMD system. Chen et al. (2003) 
found that wind speed has significant effect on the optimal variables of the TMDs. To investigate 
the effect of wind speed on the lever-type TMD, buffeting control analysis is conducted under 
various wind speeds.  
The comparison of the control efficiencies of the lever-type TMD on the vertical acceleration 
under various wind speeds are shown in Fig. 6.5. The spectrum of the controlled vertical 
acceleration under various wind speeds (𝐿′/𝐿⁡= 1/7.6) are shown in Fig. 6.6. Over all, the lever-
type TMD has great control performance on the vertical acceleration over the wind velocity range 
from 15 m/s to 50 m/s. When 𝐿′/𝐿 equals to 1/7.6, the control efficiency is the best. This is because 
as the ratio of 𝐿 to 𝐿′ is adjusted to 1/7.6, the frequency of the TMD is 0.258 Hz, which highly 
matches the dominant frequency of the vertical acceleration. However, as the wind velocity 
increases, the control efficiency of the lever-type TMD decreases. Especially when the wind speed 
changes from 35 m/s to 50 m/s, the best control efficiencies for the vertical acceleration decreased 
39%. To achieve better control performance for high wind speeds (>50 m/s), semi-active control 




Fig. 6.5. Control efficiencies under various wind speeds 
 
 
Fig. 6.6. Spectral curves under various wind speeds 
 
6.4.2. Effect of Wind Attack Angle 
Wind attack angle is also a key factor of the wind excitation. According to Equations (6.10) 
and (6.11), both the static wind force and the buffeting force are largely dependent on the aerostatic 
force coefficients. The aerostatic force coefficients are related to the wind attack angle. The 
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previous buffeting control calculations are performed under the wind attack angle of 0°. However, 
to achieve a robust buffeting control, the control system needs to keep effective control 
performance under complex wind excitations. As a result, the control performance of the proposed 
lever-type TMD under different wind attack angles is investigated here. The aerostatic force 
coefficients under various wind attack angles are obtained by sectional model test in wind tunnel 
(Han and Li 2015), as shown in Fig. 6.7. 
 
Fig. 6.7. Aerostatic force coefficients at various angles 
The control efficiencies of the lever-type TMD on the vertical acceleration under the wind 
attack angles of -3°, 0°, +3° are shown in Fig. 6.8. It can be found that the best control efficiencies 
for all three wind attack angles are almost the same. The spectrum of the controlled vertical 
acceleration under different wind attack angles (𝐿′/𝐿⁡= 1/7.6) are shown in Fig. 6.9. The effect of 
the wind attack angle on the control performance of the lever-type TMD is not significant. Overall, 
the lever-type TMD has the best control performance for the vertical acceleration under the wind 




Fig. 6.8. Control efficiencies under various wind attack angles 
 
Fig. 6.9. Spectral curves under various wind attack angles 
 
6.4.3. Effect of Stiffness Reduction of Bridge Girder 
To achieve effective vibration control performance, the frequency of the TMD needs to be 
tuned to a certain natural frequency of the structure. However, the natural frequencies of the 
structure are very sensitive to the structural integrity. The presence of deterioration or damage in 
a structure leads to the modification of the natural frequencies of the structure. A number of studies 
of dynamic tests on model and full-scale structures have found that the fundamental frequencies 
127 
 
of the structure change due to the progressive damage, crack propagation, support failure, and 
over-load induced internal damage (Lane et al. 1980, Mazurek and Dewolf 1990, Salawu 1997). 
The variation of natural frequencies may affect the effectiveness of a passive TMD which is pre-
designed for the initial structure. To overcome this issue, the proposed lever-type TMD, which has 
a movable mass block and can tune the frequency by adjusting the value of  𝐿′/𝐿 may be a good 
choice. According to Salawu (1997), the existence of a crack in a beam may lead to the reduction 
of the stiffness and modify the values of the natural frequencies. In order to investigate the 
robustness of the control performance of the lever-type TMD under such circumstances, buffeting 
control analysis is conducted with stiffness reduction of the bridge girder. 
Two different stiffness reduction percentages (i.e. 10% and 20%) are considered here. The 
results of the control efficiencies on the vertical acceleration, compared to the no reduction case, 
are shown in Fig. 6.10. The best control efficiencies of no reduction, 10% reduction, and 20% 
reduction are 34.3%, 28.5%, and 20.2%, respectively. It can be found that as the stiffness reduction 
increases, the best control efficiency decreases monotonically. The spectrum of the controlled 
vertical acceleration with different stiffness reduction (𝐿′/𝐿⁡= 1/7.6) are shown in Fig. 6.11. 
Overall, the proposed lever-type TMD can adapt to the variation of the stiffness of the bridge and 




Fig. 6.10. Control efficiencies with different stiffness reduction 
 
Fig. 6.11. Spectral curves with different stiffness reduction 
 
6.5. Conclusions 
This paper aims at investigating the passive lever-type TMD for buffeting response control of 
long-span bridges. The lever-type TMD has an adjustable frequency, which makes it an effective 
and promising device for wind-induced vibration control for long-span bridges due to the complex 
aerodynamic behavior of long-span bridges under wind excitation. In order to get a better idea of 
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the control performance of the lever-type TMD, buffeting control analysis has been conducted to 
determine the best location of the movable mass block. The effects of the wind speed, wind attack 
angle, and bridge girder stiffness reduction on the control efficiency of the lever-type TMD are 
investigated. The following conclusions can be obtained through the present study:  
(1) The control efficiency of the lever-type TMD varies greatly with the change of the location 
of the mass block. If the lever-type TMD is tuned in the optimal condition, the lever-type 
TMD can achieve great buffeting control efficiency. For different responses, such as the 
vertical displacement response, the torsional displacement response, and the vertical 
acceleration response, the optimal location for best control efficiency may be different. 
Hence, the location should be adjusted accordingly based on comprehensive consideration 
of the environment change and specific control objectives. This study provides useful 
information of the adjustment of the lever-type TMD for suppressing buffeting responses. 
(2) Wind velocity has significant effect on the control performance of the lever-type TMD. As 
the wind velocity increases, the control efficiency of the lever-type TMD decreases. 
However, the effect of the wind attack angle on the lever-type TMD is not obvious. Future 
study will be conducted on the utilization of the lever-type TMD in semi-active control by 
developing appropriate adaptive control algorithm for complex wind environment. 
(3) The stiffness reduction of the bridge girder also has an impact on the control performance 
of the lever-type TMD. The control efficiency decreases as the stiffness reduction increases. 
Overall, the lever-type TMD can adapt to the variation of the stiffness reduction induced 
by possible structural deterioration or damage, which indicates that the proposed lever-type 
TMD has superior robustness.  
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CHAPTER 7. CONCLUSIONS AND FUTURE WORK 
7.1. Summary and Conclusions 
Wind-induced vibration has always been a problem of great concern for long-span bridges, 
especially with the continuous increasing span length. The major categories of wind effects on 
bridge decks are flutter and buffeting. The objective of this dissertation is to investigate the 
aerodynamic flutter and buffeting of long-span bridges under wind load.  
(a) Flutter analysis (Chapters 2 & 3) 
Flutter is a phenomenon of self-excited vibration which may cause the collapse of the entire 
structure. Although extensive studies have been conducted on bridge flutter, the effect of 
the wind turbulence on aerodynamic flutter remains a debate. In this dissertation research, 
the turbulence effects on the aerodynamic flutter of long-span bridges have been studied 
by time-domain simulations. What’s more, the traditional deterministic flutter analysis of 
long-span bridges has been extended to the probabilistic reliability analysis that is more 
reasonable. Flutter reliability analysis is applied to a real bridge project with emphasis on 
several acknowledged important variables including the extreme wind velocity at the 
bridge site, damping ratio, mathematical modeling, and flutter derivatives. The main 
conclusions of the flutter analysis are: 
 Wind turbulence can raise the critical flutter velocity and the increase amplitude is 
dependent on the turbulence intensity. The reason behind this is that the turbulence 
has changed the vibration patterns and weakened the spatial vibration correlation. 
 The reliability analysis of bridge flutter can obtain more reliable and adequate 
information of the flutter stability performance of long-span bridges. 
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 The uncertainties of structural damping and flutter derivatives have significant 
effects on the flutter reliability of long-span bridges. 
(b) Buffeting analysis and control (Chapters 4 & 6) 
Buffeting response is induced by random wind turbulence. The turbulence intensity may 
have great impact on buffeting-induced vibration. In this dissertation, the stress-level 
buffeting analysis of the bridge under spatial distributed forces is conducted and the wind 
turbulence intensity effects on the fatigue damage of long-span bridges are investigated. 
Large buffeting displacements and stress responses may cause fatigue damage in structural 
members and large buffeting acceleration response may make drivers and passengers in 
moving vehicles feel uncomfortable. To suppress excessive buffeting responses, a lever-
type TMD is proposed and its performance for buffeting control of long-span bridges is 
conducted. The effects of the wind speed, the wind attack angle, and the stiffness reduction 
of the bridge girder on the control efficiency of the lever-type TMD have been studied. The 
main conclusions are as follows: 
 The maximum stress values on the bridge deck section are typically at the fairings 
and most of the buffeting-induced stress cycles are within small stress range, i.e. 
within 0 ~ 2 MPa.  
 The buffeting-induced accumulated fatigue damage of long-span bridges increases 
with the increase of the turbulence intensity. 
 The control efficiency of the lever-type TMD varies greatly with the change of the 
location of the mass block. If is tuned in the optimal condition, the lever-type TMD 
can achieve great buffeting control efficiency.  
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 The effects of wind velocity and the stiffness reduction of bridge girder on the 
control efficiency of the lever-type TMD are significant, while the effect of the 
wind attack angle is not obvious. It can be found that the proposed lever-type TMD 
has superior robustness for buffeting control. 
 To achieve better control performance under complex wind environment, 
appropriate semi-active/active control algorithm should be developed for the 
adjustment of the lever-type TMD. 
7.2. Future Work 
7.2.1. Semi-active Control with Lever-type TMD for Wind-induced Vibration 
The lever-type TMD proposed in Chapter 5 is proven having effective buffeting control of 
long-span bridges. However, the control efficiency of the lever-type TMD varies with the change 
of the wind velocity, the wind attack angle, and the stiffness reduction of bridge girder due to 
deterioration or damage, etc. To obtain the best location of the mass block and achieve best control 
performance, the semi-active control strategy with an adaptive control algorithm to adjust the 
lever-type TMD is required to be developed. 
The schematic representation of using adaptive feedforward control is shown in Fig. 7.1.  The 
input signal of the adaptive filter, which is correlated with external wind excitations and 
feedforwarded to the controller, is referred to as the reference signal. The controlled bridge 
response quantities, i.e. acceleration and displacement, are referred to as the error signals. They 
are detected by sensors located at critical locations along the bridge span. On the basis of the 
reference signal and error signals, the least-mean-squares (LMS) or recursive-least-squares (RLS) 
control algorithm adapts the coefficients of the adaptive filters to generate the control input to 




Fig. 7.1. Schematic diagram of adaptive feedforward control 
7.2.2. Piezoelectric-based Energy Harvesting for Bridge-TMD System 
Energy harvesting is the process of acquiring the energy from the surrounding circumstances 
and converting it into usable electrical energy. The main sources which can be utilized for energy 
harvesting are as follows: solar energy, mechanical vibrations, wind energy, thermal energy, 
human power, and other energy. It was found that the vibrations offered one of the most attractive 
energy scavenging solutions, which met the power density requirement in environments that are 
of interest for wireless sensor networks. 
Piezoelectric generators have become more and more popular for energy harvesting in civil 
engineering due to its superior performance. Many studies have been done to utilize piezoelectric 
materials to harvest energy from wind-induced vibrations such as galloping, flutter, and vortex-
induced vibration. Given that many bridges are located in windy areas, it seems like the wind-
induced vibrations of these bridges can be a very promising energy source for structural health 
monitoring for themselves. As is mentioned above, a semi-active lever-type TMD system is 
proposed for more efficient control of wind-induced vibration, which will need many sensors to 
capture signals such as the wind data and bridge responses. Hence, a piezoelectric cantilever beam 
harvester is under consideration to be installed in the bridge-TMD system to provide power supply 
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for sensors as a strategic plan. The possibility and performance of utilizing piezoelectric harvesters 
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